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NOTICE 

This issue of the Reactor Development Program Progress Report in­
augurates a new format. Instead of the budget-oriented arrangement used 
before, the accounts are now divided into nine major sections, corresponding 
to the nine areas of the Laboratory's reactor program. However, the "189a" 
numbers that identify the "funding item" for each narrative account are 
retained for the benefit of readers concerned with this matter. Further, a 
hsting of 189a numbers, together with an indication of the items reported 
and the section in which each appears, is included in the front matter. The 
Highlights are also presented by program area, although it is not intended 
that there be Highlights for all sections every month. 

We hope that this new arrangement proves helpful to our readers. 
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FOREWORD 

The Reactor Development Program Progres s Report de­
scribes current activities, technical p rogress , and technical 
problems in the program at Argonne National Laboratory-
sponsored by the USAEC Division of Reactor Development 
and Technology. Not all projects a re reported every month, 
but a running account of each project is maintained in the 
ser ies of reports . 

The last six reports 
in this ser ies a re : 

September 1970 ANL-7742 

October 1970 ANL-7753 

November 1970 ANL-7758 

December 1970 ANL-7765 

January 1971 ANL-7776 

February 1971 ANL-7783 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Pro jec t Activities for March 1971 

EBR-II 

EBR-II was s tar ted up March Z and reached full power of 62.5 MWt 
on March 4. F r o m s tar tup through March 15, it operated for 505 MWd in 
Run 47B, bringing its accunaulated operational total to 42,321 MWd. Care ­
ful monitoring of noise and performance of the intermediate heat exchanger 
(IHX) and both p r imary pumps shows that their operation is sat isfactory. 
During the nnaintenance shutdown, the IHX l - in . -d ia drain tube, which was 
found to be loose and causing the unusual noise repor ted ea r l i e r , had been 
removed. Also during the shutdown, the No. 1 p r i m a r y pump had been r e ­
moved from the p r i m a r y tank, d isassembled, cleaned, inspected, given 
minor repa i r , reassembled , and re ins ta l led. The pump had been immersed 
continuously in hot sodium for more than seven y e a r s . 

LMFBR DESIGN SUPPORT 

Flowtesting of F F T F Mark-II Fuel Assembly 

On March 23, 1971, the F F T F Mark-II fuel assembly was removed 
from the Core Component Test Loop (CCTL) after 6287 hr of flowtesting in 
sodium at full flow (525 gprn) and t empera tu re (1100°F). Loop downtime 
during the test was only 15.8 hr, yielding an operating factor g rea te r than 
99%. The fuel assembly will be examined by F F T F staff at Hanford. 

INSTRUMENTATION AND CONTROL * 

Long- te rm High- temperature Stability of Permanent -magne t Mater ia ls 

Long- te rm h igh- tempera ture stability of permanent -magnet ma te ­
r ia ls is a key factor in severa l sensors being developed to monitor sodium, 
flow^ in an LMFBR. Intermediate tes t resul ts at 3200 hr indicate that the 
maximum long- te rm operating t empera tu re (without i r r eve r s ib l e degrada­
tion of magnetic p roper t i es ) is between 1000 and llOO^F for Alnico V, and 
between 1100 and 1200°F for Alnico VIII. 

Radiation Tolerance of Lithium Niobate 

Lithium niobate crystal l ine naaterial is a leading candidate for high-
t empera tu re , r ad ia t ion- res i s tan t piezoelectr ic components in acce l e rome te r s 
and ul t rasonic detectors for the LMFBR P r o g r a m . I r radia t ions by 2-MeV 
Van de Graaff e lectrons and by Co gamma photons show that lithium niobate 
has exceptional radiation stability, comparable to c lose-packed oxides such 
as sapphire . 



SODIUM TECHNOLOGY 

Argonne has the responsibility of certifying sampling and analytical 
methods for use throughout the sodium-technology p rogram. To meet near-
te rm needs, a set of interim standard methods has been established with 
the aid of an advisory group representing both reactor and nonreactor labo­
ra tor ies . Procedural details of these methods are described in a manual 
titled Interim Methods for the Analysis of Sodium and Cover Gas, being 
published as ANL/ST-6. 

FUEL CYCLE 

Apparatus has been constructed for demonstrating a continuous 
fluid-bed denitration process for converting uranium/plutonium nitrate 
solutions to mixed-oxide powders suitable for fabricating LMFBR fuel 
shapes. Because of the growing concern over the shipment of plutonium 
as nitrate solution, ready conversion of plutonium-containing solutions to 
a solid form is important. In the selection of the feed composition for the 
fluid-bed denitration process , solubility limits of uranium/plutonium nitrate 
solutions are being measured to allow use of high plutonium concentrations 
while yet avoiding precipitation of plutonium compounds. Results indicate 
that the substitution of plutonium for uranium in a nitrate solution lowers 
the crystallization temperature, allowing relatively concentrated actinide 
solutions to be processed: A feed solution with a composition of 1.44M 
uranyl nitrate, 0.36M plutonium nitrate, and 2.0M nitric acid can safely be 
used at room temperature for making powders containing 207o PuO^. The 
crystallization temperature for this solution is ~13°C. 

REACTOR PHYSICS 

The Engineering Mockup Critical (EMC) for the FTR (ZPR-9 
Assembly 27), simulating the fissile mass , volume, and test- loop and 
control-rod locations of that reactor at end of cycle (EOC), attained initial 
criticality on March 4. A modified reactor (EOC-2), changed to accom­
modate subsequent major F F T F core-map design changes, was made cr i t i ­
cal on March 18. 

A calculation of the isothermal Doppler coefficient in FTR at the 
beginning of its equilibrium cycle shows it to be negative and well-
approximated by the Doppler effect in " ' u . 

Consistent with previous observation, calculated central reaction-
rate ratios for fissile and fertile isotopes in FTR-2 (ZPPR Assembly 1) 
and FTR-3 (ZPR-9 Assembly 26) are smaller than measured values. 



U, SS, and Ta were determined 
in a single-zone plutonium-fueled reference assembly (ZPR-6 Assembly 7) 
with the use of a cal ibrated autorod. P re l imina ry studies of the sensit ivity 
of kg££, react ion ra tes , and spec t ra to c ros s - sec t ion variat ion in this a s ­
sembly have begun. 

REACTOR SAFETY 

In the coolant-dynamics prograna, incipient-boiling superheat data 
obtained with sodium fronn EBR-II continue to demonstrate the key influ­
ence of (1) the sys tem p r e s s u r e - t e m p e r a t u r e history and (2) the par t ia l 
p r e s s u r e of iner t gas in the surface cavi t ies . Data fronn tes ts in which an 
e -m pump applied p r e s s u r e to the sodium (thus, no inert gas was introduced) 
show considerable sca t te r , unless the p r e s s u r e - t e m p e r a t u r e history is r e ­
established for at least 20 min between test runs . Tests in which an argon 
cover gas was used to apply p r e s s u r e to the sys tem demonstrate again that 
iner t gas in the surface cavities significantly reduces the incipient-boiling 
superheat . With cer ta in assumptions , the p r e s s u r e - t e m p e r a t u r e - h i s t o r y 
model and the experimental data agree excellently. 

ENVIRONMENTAL STUDIES 

Eleven tempera ture r eco rde r s •were set on the bottom of Lake 
Michigan within the a rea of influence of the thermal discharge of the Point 
Beach, Wisconsin, nuclear-pow^er plant. The ins t ruments w îll r ecord lake-
bottom water t empera tu res for two nnonths . The purpose of the experiment 
is to observe whether a sinking thermal plunne v/ill have a significant effect 
on the water t empera ture near the lake bottom. The problem is re la ted to 
the potential for p remature hatching of fisli eggs. 
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I. EXPERIMENTAL BREEDER REACTOR NO. II 

A. Operations 

1. Reactor Operations. G. E. Deegan (02-075; last reported: ANL-7776, 
pp. 41-42, Jan 1971) 

The niaintenance shutdown was completed, and the reac tor has been 
operated for 505 MWd in Run 47B. The accumulated total of EBR-II opera­
tion now is 42,321 MWd. 

During the shutdown, the drain tube of the intermediate heat ex­
changer (IHX) was cut with a pneumatic shear tool and removed from the 
secondary- sodium inlet line of the IHX. A final internal inspection of the 
IHX revealed no foreign objects and confirmed the integrity of the baffle 
section. Closure welding of the inlet elbow was then performed. 

After the components of the No. 1 p r imary punnp were cleaned and 
inspected, several minor changes and relocations were made in the pump. 
The punnp was then reassembled , with a new lower-labyrinth seal, and r e ­
installed in the p r i m a r y tank. A manual-rotat ion check of the pump showed 
that the shaft turned freely. 

All sys tems were heated to 350°F, and the secondary system was 
filled. Operation of the secondary system at 50% flow produced no unusual 
noise in the IHX, and heatup of the systems to plant standby continued. At 
SSO '̂F, the IHX was monitored over a full range of p r imary and secondary 
flows; no unusual noises were heard. The p r i m a r y pumps operated sa t is ­
factorily, and a complete set of performancfe data and noise measurements 
was taken for each pump. 

Fuel handling for Run 47B was conducted while the p r i m a r y tank was 
being heated from 580 to 700°F. Difficulty with actuating the No. 8 control-
rod jaws necess i ta ted changing of the rod-dr ive assembly. 

The reac tor was s tar ted up on March 2, and a slow, deliberate ap­
proach to power was made to obtain proper operation, adjustment, and 
cal ibrat ion of all sys tems. Full power was attained on March 4 at 0210. 
On the following day, power was reduced for rod drops at 0.05, 0.5, 50, 56, 
and 62.5 MWt. A small f ission-gas r e l ease was observed on March 12. 
Operation continued until the occurrence of a second re lease that ra ised the 
^^^Xe activity to a level greater than five t imes normal background. At this 
t ime, an anticipatory reac tor shutdown was made. 

The seal trough of the large plug was cleaned. Scheduled replace­
ment of three control-rod thimbles is in p r o g r e s s . 



F u e l handl ing for Run 47B involved e x p e r i m e n t a l s u b a s s e m b l i e s , a s 
r e p o r t e d under Sect . LA.4 .a , and a l so inc luded the fol lowing: The h igh-
wor th con t ro l rod and one s u r v e i l l a n c e s u b a s s e m b l y of M a r k - I I d r i v e r fuel 
w e r e r e l o c a t e d . One o u t e r - b l a n k e t , m a t e r i a l s - s u r v e y s u b a s s e m b l y had 
comple t ed i ts planned i r r a d i a t i o n and was r e m o v e d f r o m the g r id . The 
x e n o n - t a g t e s t s u b a s s e m b l y was r e i n s t a l l e d in the g r id to c o m p l e t e i t s i r ­
r ad i a t i on . Two d u m m y s t r u c t u r a l s u b a s s e m b l i e s , i n s t a l l e d b e f o r e the c o o l -
down, w e r e r e m o v e d , and the n e c e s s a r y r e a c t i v i t y a d j u s t m e n t was m a d e 
before the s t a r t u p for Run 47B. 

2. F u e l s and Examina t i on F a c i l i t y ( F E F ) . M. J. F e l d m a n (02-076) 

a. Fue l A s s e m b l y . D.. L. Mi tche l l (Las t r e p o r t e d : A N L - 7 7 7 6 , 
pp. 4 2 - 4 3 , Jan 1971) 

F o u r t e e n M a r k - I A s u b a s s e m b l i e s w e r e a s s e m b l e d in the cold 
l ine dur ing this r e p o r t i n g pe r iod . Of t h e s e s u b a s s e m b l i e s , s ix w e r e m a d e 
up of e l e m e n t s c a s t by the vendor and i m p a c t - b o n d e d by A N L , and e ight 
w e r e made up of cent r i fuga l ly bonded v e n d o r - f a b r i c a t e d e l e m e n t s tha t had 
been h e a t - t r e a t e d by ANL (see Sect . LA.3 .a ) . V e n d o r - f a b r i c a t e d e l e m e n t s 
that had been accep ted by ANL v e r i f i c a t i o n i n spec t i on a r e be ing h e a t - t r e a t e d 
to r e c l a i m them. 

Table 1.1 s u m m a r i z e s the p roduc t ion a c t i v i t i e s for J a n u a r y 16 
through M a r c h 15, 1971, and for f i sca l yea r 1971. 

TABLE I.l. Production Summary for FEF Cold Line 

1/16/71 Total 
through for 
3/15/71 FT 1971 

Subassemblies Fabricated with Mark-IA Fuel 

With Cold-line elements 0 2 

With Vendor elements 14 80 

Preirradiation Treatment of Vendor Mark-IA Fuel 

Heat treating of as-fabricated elements (22,614^) 

Heat-treated, inspected, and accepted 3573 9533 

Heat-treated, inspected, and rejected^ 1398 3038 
Total Elements Available for Subassembly Fabrication 
as of 3/15/71 

Cold-line fuel 

Hark lA 
Mark II 

199 
223 

Vendor fuel (Hark lA) 

Impact-bonded'^ 208 
Heat-treated 9371 

These elements, cast and centrifugally bonded by the vendor, have been accepted 
by ANL verification inspection, but not yet approved for general use in the 
ĵ reactor. They are being heat-treated to reclaim them. (See Sect. I.A.3.a.) 
Void size in the sodium bond is the principal cause for rejection. Elements 
^rejected for this reason may be reclaimed by impact-bonding. (See Sect. I.A.3.a.) 
Impact-bonding by ANL of 11,853 unbonded vendor fuel elements was completed in 
fiscal year 1970. 
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b. Fuel Handling and Transfer . N. R. Grant, W. L. Sales, and 
K. DeCoria (Last reported: ANL-7776, pp. 42-44, Jan 1971) 

Table 1.2 summar izes the fuel-handling operations performed. 

TABLE 1.2. Sumniary of FEF Fuel Handling 

1/16/71 
through 
3/15/71 

Total 
for 

FY 1971 

Subassembly Handling 

Subassemblies Received from Reactor 

Driver fuel (al l types) 
Experimental 
Other (blanket) 

Subassemblies Dismantled for Surveillance, 
Examination, or Shipment to Experimenter 

Driver fuel 
Experimental 
Other (blanket) 

Driver-fuel Elements to Surveillance 
Number from subassemblies 

70 
31 
27 

37 
32 
5 

1495 
28 

Subassemblies Transferred to Reactor 

Driver fuel 
From air cell 
From cold line^ 

Experimental 

Fuel-alloy and Waste Shipments 

Cans to Burial Ground 
Blanket Subassemblies to Burial Ground 

6 
68 

15 
17 

Recoverable Fuel Alloy to ICPP 

Fuel elements^ 
Subassemblies^ 
Consolidation ingots*' 
Nonspeclfication material 
Skull oxide and glass scrap 

1 (17.52 kg) 
3 (17.47 kg) 
1 (13.46 kg) 
0 
0 

14 (244.63 kg) 
34 (173.50 kg) 
1 (13.46 kg) 
0 
0 

Cold-line subassemblies, after fabrication and final tests, are transferred 
either to the reactor or to the special-materials vaults for interim storage 
until needed for use in the reactor. 

Figure outside parentheses is number of shipments made; figure inside is weight 
of alloy shipped. 



c. Reactor Support. J. P. Bacca and N. R. Grant (Last reported: 
ANL-7776, p. 45, Jan 1971) 

Three new control-rod thimbles were modified for future r eac ­
tor operation. Measurements of irradiated thimbles had indicated that their 
overall length had increased up to l /4 in. (See Progress Report for Octo­
ber 1970, ANL 7753, p. 99.) Since this could have (and may have) interfered 
with handling of subassemblies in the reactor (see ANL-7753, p. 96, and 
Progress Report for August 1970, ANL-7737. p. 58), the proposal was made 
to shorten future thimbles slightly. Accordingly, the hexagonal tubes of the 
three new thimbles were machined to remove 1/8 in. from their length. The 
thimbles were again inspected and are ready for use in the reactor . 

3. Fuel and Hardware Procurement. M. J. Feldman (02-073) 

a. Reclamation of Vendor Fuel. D. L. Mitchell (Last repor ted: 
ANL-7776, pp. 41-43, Jan 1971) 

During this reporting period, 4971 more centrifugally bonded 
vendor elements were heat-treated to recla im them. Examination of the 
4971 heat-treated elements showed 3573 to be "accepts" and 1398 to be 
"rejects ." The principal cause for rejection was void size in the sodium 
bond. The percentage of elements rejected for void size ranged from 1 6 to 
46% for all fuel batches heat-treated in this reporting period. This is a 
higher rejection rate than the 8 to 38% previously reported. Rejection for 
void size was based on the definition in Revision 6 of Specification FCF-1 
(Product Specification for the EBR-II Driver Fuel Elements) . However, 
the elements rejected for void size may be acceptable on the basis of the 
approved Revision 7 of this specification, which allows acceptance of larger 
void sizes (to radial widths of 125 mils) than does Revision 6. The present 
sodium-bond tes te rs can measure voids having a radial width up to about 
80 mils. Components for a new sodium-bond tes te r , which will measure 
the larger voids acceptable under Revision 7, have been received and as­
sembled. Testing of the new unit has been started. The elements rejected 
under Revision 6 will be reevaluated for void size with the new bond tes ter . 
Those still "rejects" will be impact-bonded in an effort to rec la im them. 

4- Experimental Irradiation and Testing. R. Neidner (02-053) 

a- Experimental Irradiat ions (Last reported: ANL-7758, 
pp. 37-39, Nov 1970) 

Table 1.3 shows the status of experimental i r radiat ions in EBR-II 
on March 15, just after the end of Run 47B. Table 1.4 lists all i r radia ted 
experimental- i rradiat ion subassemblies now in the F E F for examination and 
reconstitution. Table 1.5 l ists the exper imental - i r radia t ion subassemblies 
t ransferred into the reactor after Run 47A. (No exper imenta l - i r radia t ion 
subassemblies were removed from the reactor after Run 47A.) 



TABLE 1.3. Status of Experimental Irradiations in EBR-II as of March 15, IS^l 

(Run 47B Completed) 

Subassembly No. 
and (Position) 

Date 
Loaded 

Content and 
(Number of Capsules) 

Experi-
menter 

Accumulated 
Exposure, 

MWd 

Estimated 
Goal 

Exposure, 
MWd Burnup^ 

XX02 

XG03A 

XC30UA 

X0lt3A 

XO56A 

XO58 

XO6I 

XO62 

XO65E 

XO68A 

X 0 7 3 

XO76 

XO78A 

X 0 7 9 

XO8O 

XOBl 

X082A 

XO63 

xoaii 

X085 

X086 

X087A 

X088 

X089 

X090 

X091 

X092 

XO93 

(5F3) 

(8D2) 

(aA7) 

{6D3) 

(6B2) 

{ 7 B 6 ) 

(7A1) 

(7F3) 

(7E5) 

(6B1.) 

(7D3) 

(7A2) 

(6B3) 

CI«B2) 

(6E3) 

( 7 F 6 ) 

(SAU) 

(5E2) 

(5C2) 

(ltE2) 

(5D1.) 

(6C2) 

(7C1.) 

(2F1) 

(7115) 

('tB3) 

(7B3) 

(6E1.) 

' t / 13 /70 

9 / l ' i / 7 0 

9 / 1 5 / 7 0 

10 /27 /70 

10 /27 /70 

11/2V70 

V 2 3 / 6 9 

5 /23 /69 

10 /27 /70 

2 / 2 3 / 7 1 

1 2 / 1 2 / 6 9 

3 /27 /70 

2/2I1/71 

U/17/70 

9 /11 /70 

5 / 2 V 7 0 

2 / 2 3 / 7 1 

9 /15 /70 

2 /2 l | / 71 

1 0 / 2 8 / 7 0 

8 / 7 /70 

10 /27 /70 

5/2l i /70 

9 / 1 5 / 7 0 

9 /15 /70 

9 /11 /70 

9 / 1 5 / 7 0 

1 0 / 2 7 / 7 0 

UO2-25 wt % 

U02-20 vrt i 

U02-20 vt i 

UO2-25 wt % 

U02-25 wt % 

U02-25 wt i 

S t r u c t u r a l 

U02-25 wt i 

S t r u c t u r a l 

Mark lA 

UO2-25 wt i 

00^-25 wt i 

Mark lA 
Mark lA 

(U0.85-PUO. 

UO2-2O wt i 
S t r u c t u r a l 
S t r u c t u r a l 

PuOj 

PUO2 

PUO2 

PUO2 

PUO2 

PUO2 

PUO2 

PUO2 

PUO2 

5)0 

PUO2 

UO2-25 wt i PUO2 

Mark lA 

Mark lA 

UO2-20 wt i PUO2 
UO2-25 wt % PUO2 

U02-25 wt i 

("0 .8-PU0.2 
(U0.8-PU0.2 
(UO.8-PU0.2 

UO2-25 wt i 

UO2-25 wt i 

S t r u c t u r a l 

S t r u c t u r a l 
S t r u c t u r a l 
S t r u c t u r a l 
S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

UO2-25 wt i 

PUO2 

H 

C 

C 

PUO2 

PUO2 

P u O g 

(36) 

( 2) 

( 2) 

(37) 

(37) 

(37) 

( 7) 

(37) 

(25) 

(61) 

(37) 

(19) 

( 1) 
(1(2) 

(19) 

(12) 
( 1) 
( "<) 
( 9) 

(61) 

(61) 

( 1) 
(18) 

(19) 

(10) 
( 5) 
( It) 

(61) 

(19) 

( 7 ) 

( M 
( 1) 
( 1) 
( 1) 

( 7 ) 

( 1) 

(61) 

HEDL 

OE 

GE 

GE 

GE 

GE 

INC 

GE 

AMI 

ANL 

HEDL 

WARD 

ANL 

ANL 

UNO 

NUMEC/ANL 

GE 

GE 

GE 

AMI 

ANL 

ANL 

ANL 

ANL 

BMI 

LASL 

WARD 

HEDL 

WARD 

HEDL 

BMI 

INC 

ORNL 

HEDL 

HEDL 

LASL 

HEDL 

8,1(23 

3,026 

3,028 

1,1(78 

1,1(78 

17 ,609 

18 ,379 

15,706 

1,1(78 

503 

12 ,279 

8,580 

503 

8,1(23 

3,026 

7 ,079 

503 

3,026 

503 

1,1(78 

1(,378 

1,1(78 

7 ,079 

3,028 

3,028 

3,028 

3 ,028 

1,1(78 

11,500 

13 ,000 

21 ,000 

3 ,100 

3,100 

21 ,800 

18,1(50 

19 ,000 

1,550 

2 ,800 

35,000 

15 ,000 

6 ,200 

11 ,000 

7 ,000 

19,000 

3,000 

13,900 

F a i l u r e 

10 ,000 

7 ,000 

19,000 

l l ( ,500 

7 ,800 

6 ,700 

16,000 

2 ,700 

16,000 

3 .2 

0.5+7.5*^=8.0 

0 . 5 * 8 . 5 ' ' = 9 . 0 

0 .6<6 .2 ' ' =6 .8 

0 . 6 < 6 . 3 ' ' " 6 . 9 

6 . 2 

3 .7 

6.1( 

0 .3+1 .3^=1 .6 

0.1+2.1('^=2.5 

2 . 7 

2 . 7 

0.1+1(,2^=1(.3 

1(.3 

1 .0+11.0^=12.0 
0 .8+8 .2^=9 .0 
0 . 8 + l . o ' ' = 1 . 8 

2 . n 6 . 7 ' ' - 8 . 6 

0 . 1+2 .8^=2 .9 

0 . 8 

0 .2+11.0^=11.2 
0 .2 

0 .6 

2 . 1 
2 . 1 
1.9 

0 . 3 + l . l ' ' = l . l ( 

1.7 

1.2 

0 .6 
0 . 6 
0 . 6 
0 .6 

1.1 

0 .6 

0 .5 



TABLE 1.3 (Contd.) 

S u b a s s e m b l y No. 

xogU 

X095 

XO98 

XO99 

XlOO 

X102 

XI06 

Xl lO 

X l l l 

X I I 7 

x i i B 

(?BU) 

(7A5) 

(l*C2) 

(7F5) 

(2D1) 

(7F1) 

(6D5) 

(7C5) 

(8D5) 

(8B2) 

(8D7) 

D a t e 

1 1 / 1 6 / 7 0 

9 / 1 8 / 7 0 

1 1 / 1 6 / 7 0 

1 1 / 1 6 / 7 0 

1 0 / 7 / 7 0 

2 / 2 2 / 7 1 

2 / 2 3 / 7 1 

2 / 2 2 / 7 1 

2 / 2 l ( / 7 1 

2 / 2 l ( / 7 1 

2 /2 l* /71 

C o n t e n t and 

UO2-I5 vrt i PuOj 

S t r u c t u r a l 

S t r u c t u r a l 

Boron C a r b i d e 

S t r u c t u r a l 

S t r u c t u r a l C o r r o s i o n 

U02-20 wt i PuOj 

S t r u c t u r a l 

F i s s i o n Y i e l d s 

U02-25 wt i PuOj 

UO2-25 wt i PuGj 

( 7 ) 

( 1 ) 

( 1 9 ) 

( 6 ) 

( 7 ) 

( 1 ) 

( 7 ) 

( 7 ) 

( It) 

( 9 ) 

( 1 0 ) 

E x p e r i ­
m e n t e r 

GGA 

HBL 

CE 

ORNL 

ORHL 

ANL 

ANL 

INC 

INC 

GE 

GE 

A c c u m u l a t e d 

E x p o s u r e , 
MWrt 

503 

3 , 0 2 8 

503 

503 

2 , 2 7 7 

503 

503 

5 0 3 

503 

503 

503 

E s t i m a t e d 
G o a l 

E x p o s u r e , 

MWd 

8 , 6 0 0 

1 1 , 0 0 0 

8 , 0 0 0 

2 0 , 0 0 0 

1 0 , 0 0 0 

1 0 , 0 0 0 

F a i l u r e 

7 , 5 0 0 

3 , 1 0 0 

3 0 , 0 0 0 

3 0 , 0 0 0 

B u m u p ^ 

0 . 2 

0 . 6 

0 . 2 

0 . 1 

0 . 9 

0 . 1 

0 . 2 + € . 0 ' ' = 6 . 2 

0 . 1 

0 . 1 

0 . 1 + 5 . 2 ' ' = 5 . 3 

0 . 1 + 5 . 2 l > = 5 . 3 

Estimated accumulated center burnup on peak rod, based on unperturbed flux, but considering depletion 

effects (fuels, at. %; nonfuels, nvt x 10"^"^). 

Previous exposure from another subassembly. 

TABLE 1.4. Experiments Awaiting Reconstitution at the FEF 

Subassembly 
_T^£e 

Experi­
menter-

Niimber of 
Capsules Burnup^ Assigned t o 

X012A 

X027 

X050 

X051 

X05ll 

X059 

X061t 

XO7O 

X072 

X07U 

X075 

AI9 

AI9 

AI9 

F37A 

F37A 

F37A 

AI9 

AI9 

AI9 

AI9 

AI9 

H37A 

AI9 

ANL 

GE 

ORNL 

HEDL 

HEDL 

HEDL 

GE 

WARD 

ANL 

ANL 

ANL 

HEDL 

UNC 

U02-20 wti Pu02 

UO2-25 wti PuOj 

U02-20 wti PUO2 

U02-25 wti PUO2 

U02-25 wt? PuOj 

UO2-25 wt% PuOj 

UO2-25 vti PuOj 

(Uo.S-Pug 2)0 

U02-20 wti PuOj 

UO2-2O wti PUO2 

S t ruc tu ra l 

UO2-25 vti ruOg 

("0.85-%. 15"^ 

3 

12 

3 

37 

37 

37 

ll( 

1 

7 

18 

1 

37 

1 1 . 1 

9 . 7 

6 . 0 

3 . 2 

5 . 7 

l t . 8 

6 . 3 

3 . 7 

3 . 5 

3 . 8 

2.1* 

3.'* 

2 . 7 

X119 

X051A 

X114; X116 

X059A 

X H 9 

X113 

X113 

X074A 

Estimated accumulated center burnup on peak rod, based on unperturbed flux, 
but considering depletion effects (fuels, at. %; nonfuels, nvt x 10-22), 



TABLE 1.5. Experimental I r r a d i a t i o n Subassemblies 
Transferred Into Reactor a f t e r Run 47A 

S u b ­
a s s e m b l y 

No. 

X(368A 

XO78A 

X032A 

X081t 

xogit 

X098 

X099 

X102 

X106 

XllO 

X l l l 

X117 

Xl lB 

T r a n s f e r 

Loaded 

1 ' 

To 
P o s i t i o n 

6Bh 

6B 3 

5AU 

5F2 

7Blt 

1*02 

7F5 

7F1 

6 D 5 

7C5 

8D5 

8 B 2 

8 D 7 

S p o n s o r 

EBE-I I 

EBR-II 

EBR-I I 

EBE-I I 

GGA 

GE 

ORNL 

EBR-II 

EBR-II 

INC 

INC 

GE 

GE 

C o n t e n t 

Mark-IA ( e n c a p . ) 

Mark-IA 

Mark-IA 

UOg-20 wt i PaOg 

UO2-I5 wt i PuOj 

S t r u c t u r a l 

B4C 

Cr C o r r o s i o n 

U0p-20 wt i PuOg 

S t r u c t u r a l 

F i s s i o n Y i e l d s 

U02-25 wt i PUO2 

UOg-25 wt i PuOg 

Burnup^ 

2.1* 

l t .2 

2 . 8 

1 1 . 0 

0 

• 0 

0 

0 

6 . 0 

0 

0 

5 . 2 

5 .2 

^Estimated accumulated center burnup on peak rqd, based on unperturbed flux, 
but considering depletion effects (fuels, at. %; nonfuels, nvt x 10~22), 

b. Experimental Support. M. J Feldman, J. P. Bacca, N. R. Grant, 
R. V. Strain, R. D. Phipps. J. W. Rizzie. A. K. Chakraborty, 
D. B. Hagmann, C. M. Iverson, H. A. Taylor, and G. C. McClellan 
(Last reported: ANL-7776, pp. 28-30, Jan 1971) 

Table 1.6 sunnmarizes the current status of examinations of 
exper imenta l - i r radia t ion subassemblies that a re in the F E F . Also shown, 
as the last entry in the table, is the total number of F E F examinations of 
various types performed on the 32 exper imenta l - i r radia t ion subassemblies 
dismantled in fiscal year 1971 (through February 1971). 

The following new subassemblies were made up with new cap­
sules or elements in the F E F sent to the reactor . (Previously fabricated 
subassennbly X102 was also t rans fe r red to the reactor . ) 



TABLE 1.6. Status of Examlna 
tlo„s o£ Experl«e„tal-lrradlatl=„ Subassemblies 1„ the FEF as of March 15, 1971 

Subassembly 

No. and Contents and 

(Type) (Experimenter) 

X040A (B37)'' Encapsulated mixed 

oxide (ANL;GE) 

X042B (B7)'^ Encapsulated 

structural (HEDL) 

X051 (F37A)'' Unencapsulated 

mixed oxide (HEDL) 

X054 (F37A)b Unencapsulated 

mixed oxide (HEDL) 

X059 (F37A)'' Unencapsulated 

mixed oxide (HEDL) 

XOea (B61A)^ Encapsulated 

Mark-IA driver 

fuel (ANL) 

X069 (H37A)'> Unencapsulated 

mixed oxide (HEDL) 

X07Z (A19)^ Encapsulated 

mixed oxide (ANL) 

X074A (H37A)'^'^ Unencapsulated 

mixed oxide (HEDL) 

XXOl'^ Instrumented sub­

assembly 

Encapsulated 

enriched UO2 (HEDL) 

Encapsulated 

structural (HEDL) 

Total Examinations for 32 Sub­

assemblies Dismantled in FY 1971 

(through February 1971) 

D. 

E 
ffl 

6.1 

3.5 

3.2 

5.7 

4.8 

2.4 

3.0 

3.8 

3.4 

O.9I 

1.3J 

Subassembly 

> 
u 
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Xd 

Xd 

xd 

X^ 

X8 

is
ur

ed
 

to 
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a
n
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e
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u
r
e
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n
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n
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l
e
d
 

•2 
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X 
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15 

37 

20 

37 

58 

37 

19 

37 

18 
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g
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h
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37 

37 

37 
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37 
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7 
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5 
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r
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5 
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5 
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R
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i
t
 

r 
S
h
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n
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:
p
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r
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e
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e
r 

p £ w 

0 

33 

33 

0 

0 

14 

36 1 

- 107 

Peak burnup In at. X for fueled experiments; peak fluence in nvt x 10 for nonfueled experiments. 

Interim examinations completed; capsules or elements to be reconstituted into new subassemblydes) for further irradiation. 

Interim examinations completed; capsules being stored pending decision to continue their irradiation or return them to 
experimenter. 

No problems were encountered when this multlple-hexagonal-wall subassembly was washed using the FEF standard washing 
procedure for experimental-Irradiation subassemblies. 

Interim examinations to be continued. 

After being reconstituted (with fuel elements previously irradiated in subassembly X074 to a peak burnup of 3.4 at. X), 
this subassembly was dismantled because of handling problems in the FEF. The elements were reexamined and are being stored 
pending evaluation of their examination. 

Residual surface sodium on subassembly was reacted with moist argon only. Subassembly was heavily coated with sodium 
reaction products during disassembly and visual examination. 



Subassembly Subassembly 
No. Type 

X104 
and 

X105 

XllO 

X l l l 

B7A 

B7A 

B7A 

Content and (Number) 
of Capsules or Elements 

ANL gamma-hea t -measur ing capsules (3); 
dumnny elennents (4) 

INC unencapsulated s t ructura l elements (7) 

INC encapsulated fission-product-yield 
specimens (4); dunnmy elements (3) 

Table 1.7 l is ts the subassennblies that were reconstituted in the 
F E F and sent to the reactor during this report ing period. 

TABLE 1.7. Subassemblies Reconstituted in FEF 

Subassembly 
No. and (Type) 

X055A (A19A) 

X069A (H37A) 

X084 CE19E) 

X106 (E7B) 

X117 (A19) 

X118 (A19) 

19 UNC encapsulated mixed-carbide fuel elements - two new 
and 17 previously irradiated to peak burnup of 4.8 at. % 
in subassembly X055 

37 WADCO mixed-oxide fuel elements - one new and 36 previously 
irradiated to peak burnup of 3 at. % in subassembly X069 

18 ANL unirradiated mixed-oxide fuel elements; one NUMEC 
mixed-oxide fuel element (D-5) previously irradiated to 
peak burnup of ^11 at. % as an encapsulated element in 
subassembly X012A 

Seven ANL mixed-oxide fuel*elements previously irradiated to 
peak burnup of 6.1 at. % in subassembly X040A 

Nine GE encapsulated mixed-oxide fuel elements previously 
irradiated to peak burnup of 5.2 at. % in subassembly X036; 
three dummy elements; seven irradiation positions closed with 
solid rods 

10 GE encapsulated mixed-oxide fuel elements previously 
irradiated to peak burnup of 5.2 at. % in subassembly X036; 
two dummy elements; seven irradiation positions closed with 
solid rods 
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B. Fuels and Materials Studies 

1. Coolant Chemistry. D. W. Cissel (OE-051) 

a. Monitoring of Sodium-Coolant Quality. W. H. Olson, C. C. Miles, 
T. P. Ramachandran, E. R. Ebersoie, and G. O. Haroldsen (Last 
reported: ANL-7776, pp. 24-28, Jan 1971) 

(1) Radionuclides in Sodium. Table 1.8 lists results of analyses 
for ' "Cs and '^'l in primary sodium. Cesium activity increased to P^eshut-
down levels as the primary sodium was heated up. The increase probably 
was caused by thermal-convection mixing. 

Sample 
Da te 

2 / 1 1 / 7 1 

2 / 1 8 / 7 1 

2 / 1 9 / 7 1 

2 / 2 2 / 7 1 

2 / 2 4 / 7 1 

3 / 2 / 7 1 * ' 

Sample 
S i z e , g 

1 4 . 2 

1 3 . 4 

1 3 . 0 

1 3 . 3 

1 3 . 3 

1 2 . 2 

TABLE 

Sample 
F l o w , gprn 

0 . 5 

0 . 6 5 

0 . 5 

0 . 4 

0 . 5 

0 . 4 

1 . 8 . l " c s 

F l u s h 
T ime , min 

15 

15 

15 

15 

15 

30 

and I 

Sample 
Temp, °F 

310 

480 

538 

550 

560 

655 

i n P r i m a r y S 

Bu lk Sodium 
Temp, "F 

350 

580 

580 

600 

600 

700 

odium 

1 0 ^ u C l / g 

0 . 5 

1 .2 

1 .2 

1 . 0 

1 . 3 

1 .2 

10 u C i / g 

n . d . ' ' 

n . d . 

n . d . 

n . d . 

2 . 8 

1 .2 

,n.d. = none detected. 
Sampled from the FERD (fuel-element-rupture detector) loop. 

A sample of sodium taken on 2/16/71 was analyzed for ^'"Po. 
Alpha activity of ^'"Po was 35 dis/min-g. Polonium is an activation product 
of bismuth. 

(2) Trace Metals in Sodium. Table 1.9 lists resul ts of analyses 
for trace metals in sodium. Analyses were made on vacuum-distillation 
residues by atomic-absorption spectrophotometry. 

Sample 
Date 

Sample 
Size, 

9 

111
 

Flush 
Time, 
min • 

Sample 
Temp, 

"F 

Bulk 
Sodium 
Temp, 

A9 

TABLE 1. 

Al Bi 

. Trace Melals 

C3 Co 

n Sodium 

Concenlration. ppm 

Cr Cu Fe In Mg Mn Mo Ni Pt. Sn 

Primary Sodium 

ya/71 57 0.7 15 280 350 0.05 <0.6 0.9 <0.02 <0-(2 <0.0Z <0.0Z O.ZB <0.06 0.005 <0.005 <0.07 <0.04 2.9 24.6 
2/16/71 59 075 15 350 400 005 < 0 6 1 3 <0,02 <0.02 <0.02 <0.02 0.08 <0.06 <0.005 <0,005 <0.07 <0.04 7.1 22.B 

Secondary Sodium 

400 001 <0.6 <0.1 0 03 < 0 02 0 58 < 0 02 3 6 <0,06 0,005 0,031 <0.07 0.37 0.5 <0.5 
510 0.048 O05 0.019 0.026 <0,OO2 0.004 0,007 0.11 <0.01 0013 0.001 <0.01 0.005 -

liW\ 60 0.5 15 400 
Z/22/71 1030 075 30 400 

(3) Oxygen in Sodium. Table 1.10 lists results of analyses for 
oxygen in sodium. Samples of 15 g were taken in stainless steel vessels 
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and extruslon-aliquoted for analysis by the mercury-amalgamat ion method. 
Oxygen in both the p r imary and secondary sodium increased slightly during 
heatup of the systems after the extended maintenance shutdown. No plugging 
tempera tures above 225*F were measured in the p r imary system. Plugging 
t empera tu res reached 400°F in the secondary system and were reduced to 
less than 2Z5°F over a three-day period. Plugging tempera ture of the sec ­
ondary sodiunn on 2 /17 /71 , at the t ime the oxygen sample was taken, was in 
the range of 325-350°F. 

TABLE I.10. Oxygen in Sodium 

Sample Sample Flush Sample Bulk Sodium Number of Average 
Date Flow, gpm Time, rain Temp, "F Temp, "F Aliquots^ Concentration, ppm 

2/16/71 0.75 

2/17/71 0.8 

Primary Sodium 

350 AOO 

Secondary Sodium 

480 500 

Aliquot size '̂  1 g. 

(4) Carbon in Sodium. Table 1.11 l ists resul ts of analyses for 
carbon in sodium. Samples of 15 g were taken in stainless steel vesse ls and 
extrusion-aliquoted for analysis by the oxyacidic-flux method. 

TABLE I.11. Carbon in Sodium 

Sample 
Date 

11/24/70 

2/16/71 

2/17/71 

3/3/71 

Sample 
Flow, gpm 

0.7 

0.75 

0.8 

0.3 

Flush 
Time, n 

15 

15 

30 

22 

iln 
Sample Bulk Sod 

Temp, "F Temp, ° 

Primarv Sodium 

330 350 

350 400 

Secondary Sodium 

480 500 

450 545 

ium 
F 

Number 

Al: 
of 

Lquots^ 

3 

4 

3 

3 

Co 
Average 

ncentration, ppm 

0.8 + 0.06 

1.6 t 0.4 

1.0 ± 0.3 

1.2 ± 0.2 

Aliquot size -̂  1 g. 

(5) Hydrogen in Sodium. Table 1.12 l ists resul ts of analyses for 
hydrogen in sodiunn by the amalgann-reflux method. Analyses were performed 
by WADCO, Richland, Washington. 
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TABLE 1.12. Hydrogen in Sodium 

Date Flow, gpm Time, min Temp, °F Temp, F PP" 

Primary Sodium 

in=; 350 < 0.06 
12/23/70 0.7 15 305 « " 

2/18/71 0.75 15 480 580 0.22 

Secondary Sodium 

2/17/71 0.8 30 480 
500 0.27 

(6) Segregation of Impurities in Sodium. During the period of 
about three months while the primary sodium was stagnant (no pumping) at 
350°F, there was evidence of several impurities segregating from the bulk 
sodium. Evidence of segregation of ' "Cs was reported in ANL-7776, p. 24, 
and is mentioned under Sect. B.l.a{l) above. Activity of ' " C s decreased to 
25-50% of the normal level over a 30-day period, then rapidly returned to 
normal as the sodium was heated, but before the main pumps were turned on. 

Other impurities whose concentrations decreased during the 
shutdown are '"Sb, ^*Mn, ^H, bismuth, and lead. Activities of '"Sb and ^"Mn 
dropped below detection limits. Tritium activity before and after heatup was 
2.6 X 10"* and 11.2 x 10"* /iCi/ml, respectively. The concentrations of b i s ­
muth and lead dropped to 0.9 and 2.9 ppm, respectively, compared with nor­
mal values of 2 and 10 ppm. 

b. Radioactivity of EBR-II Pr imary-sys tem Components. 
C. R. F. Smith, T. N. Buchanan, A. F . Clark, R. N. Curran, 
R. E. Difelici, E. R. Ebersoie, H. Hurst , M. T. Laug, 
W. J. Richardson, and R. Villareal (Not previously reported) 

(1) Examination of Pr imary Pump. The No. 1 p r imary pump 
was removed from the primary tank for examination on December 27, about 
six weeks after EBR-II was shut down on November 14. Samples of deposits 
on various pump surfaces were taken for analyses on January 6, 1971. On 
the same day, an axial scan of radiation from the uncleaned pump was made 
with a Juno (beta-gamma) survey meter , and another scan was made with a 
GeLi gamma detector to identify radioisotopes. Data from these examina­
tions are presented below. 

Figure I.l shows the results of the radiation survey of the 
uncleaned pump with the Juno survey meter . All measurements were made 
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in the "gamma-ray only" mode, on the 0 to 250-mR/hr range, and 1 ft from 
the pump surface. The nnaximum radiation reading (175 mR/hr ) is at a 
point where the mete r was 1 ft from the pump inlet and was flanked by the 
radioactive surfaces of two of the punnp volutes. 

mR/hr at I ft 

Fig. I.l. Results of Radiation Scan of EBR-II No. 1 Primary 
Pump. ANL Neg. No. 103-05810 Rev. 1. 

In a l l , 28 s a m p l e s f r o m d e p o s i t s found on v a r i o u s p u m p 
s u r f a c e s w e r e a n a l y z e d . T a b l e 1.13 g i v e s t h e r e s u l t s of t h e s e a n a l y s e s . 
T h e l o c a t i o n s f r o m w h i c h t h e s a m p l e s w e r e t a k e n a r e iden t i f i ed in F i g . 1.2. 

T h e r a d i o i s o t o p i c a n a l y s e s of ^^^Cs and of ^^Na in T a b l e 1.13 
a r e r e p o r t e d as t h e r a t i o 

'^"^Cs a c t i v i t y in d e p o s i t ^ '^^Cs a c t i v i t y in p r i m a r y s o d i u m b e f o r e s h u t d o w n 

^^Na a c t i v i t y in d e p o s i t * ^^Na a c t i v i t y in p r i m a r y s o d i u m b e f o r e s h u t d o w n 
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TABLE 1.13. Analysis of Deposits on Assembly of No. 1 Primary Pump 

Notes Pertaining to Table 

Sample No. Is Identified in Fig. 1.2. 

R = < 

137 

137 Cs activity in deposit 

22, 'Na activity In deposit 

Cs activity in primary sodium before shutdown 

'̂ Na activity in primary sodium before shutdown 

M = Major 

m = Minor 

t = Trace 

n.d. = Not detected 

n.a. = Not Analyzed 

Radiometric analysis does not necessarily identify all radioisotopes present. 

Sample 
No. Location of Deposit 

Specific 
Radio- Activity, 
isotope dis/mln-g 

Results of 
Emission-SpectrosCOpic 

Analysis 

Ale. SoIn. Insol. Res. 

137 
Cs Top of shield plug near 

NaK-filled capillary of ,, 
pressure transmitter Na 

Mn 

137 
Cs 

Na 

137 
Cs 

Upper shield plug 

Upper shield plug 

Upper shield plug 

Upper shield plug "̂ ""Cs 

Na 

137 
Cs 

22 
Na 

137 

22 
N 

54„ 

5.7 X 10^ 

h.lt X 10^ 

1.3 X 10^ 

3.3 X 10* 

2.3 X 10* 

5.7 X 10^ 

5.1 X 102 

1.8 X 10* 

1.3 X 10^ 

1.0 X 103 

60 

A.3 X 10^ 15 

6.6 

52 



TABLE 1.13 (Contd.) 
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Sample 
No. Location of Deposit 

Specific 
Radio- Activity, 
isotope dls/min-g 

Results of 
Emission-Spectroscoplc 

Analysis 

Ale. Soln. 

Al - M 
Ca - n.d. 
Cr - M 
Cu - m 
Fe - m 
Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
Ni - t 
Si - t 

Al - M 
Ca - n.d. 
Cr - M 
Cu - M 
Fe - m 
Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
Ni - t 
Si - t 

Al - t 
Ca - n.d. 
Cr - M 
Cu - m 
Fe - t 
Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
Ni - m 
SI - t 

Al ~ t 
Ca - n.d. 
Cr - t 
Cu - n.d. 
Fe - n.d. 
Mg - n.a. 
Mn - n.d. 
Mo - n.a. 
Na - M 
NI - n.d. 
Si - t 

Al - m 
Ca - n.d. 
Cr - M 
Cu - m 
Fe - t 
Mg - n.a. 
Mn - t 

Insol. Res. 

n.a. 

m 
m 
M 
M 
M 
t 
t 
t 
m 
M 
t 

m 
m 
M 
m 
m 
m 
m 
t 
m 
M 
t 

m 
m 
M 
m 
m 
t 
m 
t 
M 
M 
t 

m 
m 
m 
M 
m 
m 
m 

6 Pump shaft near shield-
plug flange 

137^ 

Pump shaft near shield-
plug flange 

Pump shaft, '̂  10 in. 
above shield-plug 
flange 

Pump shaft, '^ 4-6 in. above Cs 
shield-plug flange ^j 

10 Pump shaft, '^ 4-6 in. 
above shield-plug flange 
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TABLE 1.13 (Contd.) 

Sample 
No. Location of Deposit 

Radio­
isotope 

Specific 
Activity, 
dis/min-g 

Results of 
Emission--Spectroscopic 

Analysis 

Ale. Soln 

Mo - n.a 
Na - M 
Ni - t 
Si - t 

Al - m 
Ca - n.d. 
Cr - n.d. 
Cu - t 
Fe - n.d. 
Mg - n.a. 
Mn - n.d. 
Mo - n.a. 
Na - M 
Ni - n.d. 
Si - n.d. 

Al - n.d. 
Ca - n.d. 
Cr - n.d. 
Cu - n.d. 
Fe - n.d. 
Mg - n.a. 
Mn - n.d. 
Mo - n.a. 
Na - M 
Ni - t 
Si - n.d. 

Al - n.d. 
Ca - n.d. 
Cr - m 
Cu - t 
Fe - t 

Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
Ni - t 
Si - t 

Insol. Res. 

t 
m 
M 
t 

m 
m 
M 
M 
m 
t 
m 
t 
M 
m 
t 

m 
m 
M 
m 
m 
t 
m 
t 
M 
M 
t 

m 
m 
M 
m 
m 
t 
t 
t 
t 
M 
t 

10 
(Contd.) 

Pump shaft, "^ 4-6 in. 
above shield-plug flange 

137^ 

Pump shaft, '^ 4-6 in. 
above shield-plug flange o.a 

22„ 

13 Pump shaft, •̂  6-8 in. 
above shield-plug flange 

137„ 

22., 

14 

15 

Pump shaft, on reduced 
diameter t 2 ft above 
shield-plug flange 

Interior space above 
top baffle plate 
(">• 2 in. below 
shield-plug flange) 

No detectable 
activity; in­
sufficient 
sample 

137„ 

22„ 
197 Al - M 

Ca - n.d. 
Cr - m 
Cu - m 
Fe - t 
Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
Ni - n.d. 
SI - t 
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TABLE 1.13 (Contd.) 

S ample 
No. 

16 

17 

18 

19 

20 

21 

Location of Deposit 

Outside surface of 
baffle assembly 
("^ 0-6 in. below 
shield-plug flange) 

Interior space above 
top baffle plate 
(180° rotation from 
Sample 15) 

Black sludge from 
alcohol cleaning of 
bolts holding pump 
to shield plug 

Deposit on bottom of 
shield plug and on bolts 
joining pump to shield 
plug 

Same region as 
Sample 19 

Black deposit (oxide?) 
from lower part of 
shield plug 

Radio­
isotope 

"'cs 

"Na 

"'cs 

22M Na 

n.a. 

"'cs 

"Na 

5*Mn 

"'cs 

22., Na 

"M„ 

"'cs 

"Na 

"M„ 

Specific 
Activity, 
dis/min-g 

a 

a 

• 

8.9 X 10* 

n.d. 

9.3 X 10* 

2.6 X lo' 

6.7 X 10* 

2.7 X 10* 

5.7 X lo' 

4.0 X 10* 

5.9 X 10^ 

R 

70 

115 

n.a. 

180 

66 

Results of 
Emlssion-Spectroscopic 

Analysis 

Ale. Soln. 

Al - n.d. 
Ca - n.d. 
Cr - n.d. 
Cu - t 
Fe - n.d. 
Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
NI - n.d. 
Si - t 

Al - M 
Ca - n.d. 
Cr - m 
Cu - m 
Fe - t 
Mg - n.a. 
Mn - t 
Mo - n.a. 
Na - M 
Ni - n.d. 
SI - n.d. 

Al - m 
Ca - M 
Cr - M 
Cu - m 
Fe - m 
Mg - m 
Mn - m 
Mo - m 
Na - M 
NI - M 
Si - m 

n.a. 

n.a. 

n.a. 

Insol. 

M 
m 
M 
m 
m 
m 
m 
t 
M 
M 
m 

No. 1 

m 
m 
M 
M 
m 
t 
m 
t 
M 
M 
t 

n.a, 

n.a. 

n.a. 

Res. 

No. 2*' 

M 
m 
M 
M 
m 
t 
m 
M 
M 
M 
t 



Sample 
No. Location of Deposit 

22 

27 

Na-like deposit from 
labyrinth seal flange 

23 Na-like deposit from 
pump shaft near bottom 
of shield plug 

Same region as Sample 22 

25 Na-like deposit from 
pump shaft about 2 ft 
below shield plug 

26 Dust from abrasive-
cloth scrubbing of 
deposit on pump shaft 
about 2 ft below 
shield 

Na-like deposits 
from pump impeller 

28 Sludge obtained by 
soaking 24 baffle-
assembly bolts in 
alcohol 

TABLE 1.13 (Contd.) 

Specific 
Radio- Activity, 
isotope dis/min-g 

Cs 137 

" N a 

5^Mn 

137^ 

22 
Na 

5*„ Mn 

137 
Cs 

Na 
22 

5^Mn 

"'cs 

22 
Na 

5^Mn 

"'cs 

"Na 

"'cs 

22 

Na 

5^n 

2"po 

"'cs 

Na 

54., 

5.8 X 10 

8.4 X lo'* 

5.2 X 10 

7.1 X 10 

1.4 X 10 

1.3 X 10 

5.3 

2.2 X 10 

1.2 X 10 

6.1 X 10* 

9.0 X 10'^ 

2.5 X 10^ 

4.5 X lo' 

5.8 X 10* 

3.0 X 10 

n.d. 

1.1 10" 

8.7 X 10 

1.4 X 10 

2.8 X 10^ 

5.0 X 10* 

2.3 X 10^ 

24 

11 

31 

36 

26 

Results of 
Emission-Spectroscoplc 

Analysis 

Ale. Soln. Insol. Res. 

The size and condition of these samples did not allow a careful measurement of the 
specific activity. The ratio R was estimated from the relative count rates for 137cs 
and 22fia, which were measurable. In making the estimates, allowance was made for counting 
efficiencies. 

Insoluble residue No. 2, a copper-colored solid, is believed to be a piece of aluminum-
bronze from the labyrinth seal. 

The source of 210po is 209BI. Bismuth entered the primary sodium on or before 
July 1965, probably from the seals of one or both rotating plugs. Polonium-210 is 
produced by the reaction 209Bi(n,Y)210Bi. Blsmuth-210 has a half-life of five days 
and 6-decays to 210po. 
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l -FIUED CIPILUIV 

MOUMTINO FLUIOE 

COUNTS PER MINUTE 

Fig. 1.2. Left: Location of Deposits Sampled from Surfaces of Assembly of No. 1 Primary 
Pump. Right: Radioisotope Activities Measured with GeLi Detector 44 in. from 
Pump Centerline. ANL Neg. No. 103-05809 Rev. 1. 

T h i s r a t i o w a s d e v e l o p e d t o s h o w t h e p r e f e r e n t i a l s e p a r a t i o n of c e s i u m f r o m 

sodium. A more-extended discussion of this segregation phenomenon is p r e ­
sented at the end of Sect. I .B. 1 .a above. 
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The s c a n with the GeLi g a m m a d e t e c t o r was m a d e by r a i s ­
ing the pump in 1-ft i n c r e m e n t s in f ront of the d e t e c t o r , wh ich was p o s i t i o n e d 
44 in. f rom the pump c e n t e r l i n e . B e c a u s e of i ts conf igu ra t ion , the d e t e c t o r 
s y s t e m could not be coUima ted to v iew only tha t s e g m e n t of the p u m p n e a r ­
e s t it. T h e r e f o r e , in each m e a s u r e m e n t , t h e r e is s o m e c o n t r i b u t i o n f r o m 
s u r f a c e s be low the plane n o r m a l to the pump a x i s . The p ro f i l e for the 
s t r o n g e s t r a d i o n u c l i d e a c t i v i t i e s is shown in F i g . 1.2. The a c t i v i t i e s shown 
a r e for the nuc l ides '^^Ta, ' " C s , " C o , and ^''Mn. E s s e n t i a l l y a l l of t h e s e 
nuc l ides w e r e g e n e r a t e d e l s e w h e r e in the r e a c t o r , s u b s e q u e n t l y t r a n s p o r t e d 
by the flowing s o d i u m , and depos i t ed on the s u r f a c e s of the p u m p . 

T a n t a l u m - 1 8 2 is g e n e r a t e d by the r e a c t i o n ' ' ' T a ( n , 7 ) T a . 
The s o u r c e for ' ^ 'Ta is p r o b a b l y the t a n t a l u m c ladding of the '^*Sb n e u t r o n 
s o u r c e . C e s i u m - 1 3 7 is a l ong - l i ved f i s s ion p r o d u c t wh ich e n t e r e d t he p r i ­
m a r y s o d i u m on May 24, 1967, af ter f a i l u r e of an e x p e r i m e n t a l UO2-PUO2 
fuel e l e m e n t . * The c o n c e n t r a t i o n of ' ^ 'Cs in s o d i u m h a s r e m a i n e d e s s e n ­
t ia l ly cons tan t s i nce tha t da t e . The s o u r c e of the ''"Co ac t i v i t y is t he r e a c ­
t ion ^ 'Co(n,7) '°Co. Coba l t -59 is a m i n o r cons t i t uen t of the s t a i n l e s s s t e e l 
in the r e a c t o r co re and fuel c ladd ing . M a n g a n e s e - 5 4 a r i s e s f r o m the f a s t -
n e u t r o n r e a c t i o n ^•'Fe(n,p)^''Mn. I r o n , of c o u r s e , is a m a j o r c o n s t i t u e n t of 
the r e a c t o r co re and fuel c ladding. 

(2) E x a m i n a t i o n of I n t e r m e d i a t e Hea t E x c h a n g e r . D u r i n g the 
s a m e shutdown of E B R - I I , the s e c o n d a r y - s o d i u m in le t pipe of the i n t e r m e ­
dia te hea t exchange r (IHX) was opened for r e p a i r . This p e r m i t t e d s c a n n i n g 
the axis of the IHX with a J o r d a n R a d e c t o r (an i o n - c h a m b e r dev ice ) to m e a s ­
u r e the r e l a t i v e l eve l s of r a d i o a c t i v i t y o r ig ina t ing f r o m r a d i o n u c l i d e s on the 
p r i m a r y - s o d i u m s ide of the IHX. 

The s e c o n d a r y coolant had p r e v i o u s l y b e e n p u m p e d f r o m the 
IHX, and an a rgon a t m o s p h e r e was m a i n t a i n e d on the s e c o n d a r y s i d e of t he 
IHX. The s e c o n d a r y - s o d i u m in le t pipe is on the c e n t e r l i n e of the IHX. A l ­
though the r e a c t o r cover was in the r a i s e d pos i t i on , the c o n t r i b u t i o n to 
7 ac t iv i ty at the IHX c e n t e r l i n e f r o m r e a c t o r " s h i n e " was c a l c u l a t e d to be 
negl ig ib le b e c a u s e of the a t t enua t ion p rov ided by the p r i m a r y - s o d i u m pool . 
F i g u r e 1.3 shows the r e s u l t s of the s c a n . 

Subsequen t ly , two a t t e m p t s w e r e m a d e to g a m m a - s c a n the 
IHX, us ing Nal(Tl) s c i n t i l l a t o r p r o b e s , to identify s p e c i f i c r a d i o i s o t o p e s . 
T h e s e a t t e m p t s w e r e u n s u c c e s s f u l b e c a u s e the g a m m a - r a y e n e r g i e s w e r e 
s e v e r e l y d e g r a d e d by Compton s c a t t e r i n g . P o s i t i v e i den t i f i c a t i on of c h a r ­
a c t e r i s t i c e n e r g i e s was n e a r l y i m p o s s i b l e . 

*R. R. Smith, D. W. Cissel, C. B. Doe E R Ebersoie anH F q i^i,., i ,• j TJ •/: • v o 
'̂ ">=.'• i^-toersoie, and t. S. Kirn, locating and Identifying the Source of 

the May 24. 1967 Fission-product Release in EBR-II, ANL-7543 (Apr 1969). 
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Fig. 1.3. Results of Scan of EBR-II Intermediate Heat Exchanger with Jordan Radector 
(ion-chamber device). ANL Neg. No. 103-05811 Rev. 1. 

c. T e s t i n g of P r o t o t y p e of H i g h - t e m p e r a t u r e S o d i u m - s a m p l i n g 
P u m p . W. H. O l s o n and H. E . Adk ins (Not p r e v i o u s l y r e p o r t e d ) 

I n i t i a l t e s t i n g of a p r o t o t y p e of an a n n u l a r l i n e a r - i n d u c t i o n p u m p 
( A L I P ) h a s b e e n c o m p l e t e d . T h e A L I P is a t w o - p o l e E i n s t e i n - S z i l l a r d , 
t r a v e l i n g - w a v e p u m p . It i s b e l i e v e d to be the f i r s t of t h i s t y p e d e s i g n e d to 
o p e r a t e a t h i g h t e m p e r a t u r e w i t h o u t a u x i l i a r y c o o l a n t . Al l c o i l s , m a g n e t i c 
l a m i n a t i o n s , and m e c h a n i c a l c o m p o n e n t s of the p u m p a r e d e s i g n e d for t e m ­
p e r a t u r e s in t h e r a n g e of 1 6 0 0 - 2 0 0 0 ° F . F i g u r e 1.4 s h o w s t h e p u m p b e f o r e 
the o u t e r c a s e w a s w e l d e d on. C o i l s , b u s b a r s , and l a m i n a t e d s t a t o r s e c t i o n s 
a r e v i s i b l e . T h e p u m p is 13 in. long and 5 in. in d i a m e t e r . 

T h e A L I P p r o t o t y p e h a s b e e n o p e r a t e d m o r e t h a n 500 h r a t t e m ­
p e r a t u r e s r a n g i n g f r o m 700 to 1250°F . F i g u r e 1.5 g i v e s the c a l c u l a t e d p e r ­
f o r m a n c e c u r v e s for t h e p u m p at 700°F . The p e r f o r n n a n c e c u r v e s h a v e b e e n 
v e r i f i e d in t h e r a n g e of 0 - 7 g p m . B e c a u s e of the h igh p r e s s u r e l o s s e s in the 
s m a l l t e s t l o o p , t e s t s c a n n o t be r u n above 7 g p m . 

A s e c o n d A L I P , w h i c h wi l l be i n s t a l l e d in the E B R - I I p r i m a r y -
s o d i u m s a m p l i n g s y s t e m , is b e i n g f a b r i c a t e d . 
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Fig. 1.4. Annular Linear-induction Pump before Outer Case 
Was Installed. ANL Neg. No. 103-N5448. 

20 25 

FLOW R«TE, gpm 

Fig. 1.5. Calculated Performance, at TOOT, of Annular Linear-induction Pump 
for Sodium Sampling. ANL Neg. No. 103-05808 Rev. 1. 

2. M a t e r i a l s - C o o l a n t Compat ib i l i ty . D. W. C i s s e l (02-063) 

a. Eva lua t ion and Surve i l l ance of EBR- I I M a t e r i a l s ( L a s t r e p o r t e d : 
ANL-7776 , pp. 31-32 , J a n 1971) 

(1) Evalua t ion of D e l a y e d - r e l e a s e C a p s u l e s . A W A D C O / E B R - I I 
d e l a y e d - r e l e a s e e x p e r i m e n t p laced in E B R - I I to e s t a b l i r ^ '•^" -'•'•—'^ 

K B R -
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charac te r i s t i c s of a f ission-product re lease from a low-burnup fuel e le­
ment did not give the expected signal after a much longer exposure than 
originally was anticipated. To determine the approximate t ime required 
for sodium to penetrate the deliberately made defect in the experiment 
capsule, an ex - r eac to r tes t was run with two s imi lar capsules containing 
s imi lar defects. 

WADCO supplied the defected capsules for the test . The 
defect in each was a 0.00 5-in.-dia hole dri l led through the wall of the 
0.230-in.-OD stainless steel capsule tube. The hole was filled with a s i lver 
b raze alloy, and the tube around the defect was first plated with copper and 
finally with nickel. In WADCO developmental testing of s imi lar capsules in 
sodium at higher t empera tu re , the copper dissolved, and the nickel plating 
peeled off, thereby exposing the si lver braze alloy directly to the sodium. 
Sodium penetrat ion occur red after about 100 hr. 

The test capsules were prepared by ANL for testing by in­
ser t ing a "spark-plug" type leakage indicator immediately under the known 
defect. The tubes were then exposed to rapidly flowing sodium on their 
outer surfaces to simulate exposure in EBR-II. Oxygen level in the sodium 
was maintained at -1 ppm by a cold t rap . 

No leakage signal was received in a 1500-hr exposure con­
sisting of 940 hr at a t empera tu re of 740°F and a flow velocity of 12 fps plus 
560 hr at 700°F and 6 fps. The capsules were removed and exann.ined. The 
nickel plating was sti l l in place on both capsules , and both passed a cursory 
helium leaktest with a Veeco detector . Small bumps were noted in the nickel 
plating over the location of the 0.005-in.-dia holes , so one capsule was sec ­
tioned. Sodium had penetrated the hole, but had formed a corros ion plug with 
res idual oxygen in the capsule. No detectable amount of metal l ic sodium had 
entered the capsule, even though a 4-ps i differential p r e s su re favored its 
entry. 

The nickel plating was pried back with a sharp knife. The 
copper underplating had been dissolved for only about 0.03 in. from the 
edge of the nickel overplate . When water was present , the prying-off of 
the nickel was accompanied by the re lease of tiny hydrogen bubbles as fresh 
copper plate was exposed. This suggests that l a te ra l diffusion through a 
porous plating had allowed sodium to reach and react with the si lver b raze 
alloy in the hole. 

The second capsule was not sectioned, but inspection of the 
in ter ior of the defect revealed a tel l tale bump of corros ion product, which 
indicated that this capsule also had been penetrated. 

The same sor t of cor ros ion-product plug may be respon­
sible for the lack of response in the r eac to r experiment . Small quantities 
of res idual oxygen and mois tu re a re possibly present in the experimental 
fuel element. 
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3. Metal Driver Fuel Development and Application. C. M. Walter (02-145) 

a. Mark-IA Fuel. N. J. Olson (Last reported: ANL-7776, 
pp. 33-34, Jan 1971) 

(1) Statistical Analysis of Performance of Mark-IA Fuel. A 
trend analysis of data from Subassembly X082, a Mark-E61 controUed-flow* 
subassembly, has been completed for the response parameter ADmax/Do "P 
to a maximum burnup of 2.8 at. %. This subassembly was made up of 61 ele­
ments that had initially been irradiated in other controUed-flow dr iver fuel 
subassemblies, so all had been irradiated under conditions simulating 
62.5-MWt operation throughout their entire irradiation. The fuel in the ele­
ments came from four ANL-produced fuel batches (95II-98II) that had essen­
tially the same composition except for aluminum, which varied from 52 to 
116 ppm. The initial irradiations, all in Row-2 grid positions, were made 
to the burnups listed under Bu, in Table 1.14. The irradiation in X082, in 
Row 5, was for an additional burnup of 1 at. %. The total accumulated burn­
ups are listed under Bu^ in Table 1.14. 

TABLE l . l i . Diamecer Change of ANL-produced Mark-IA Fuel Elements from Subassembly X082 

I r r a d l a c l o n 

t . % Range, 
Scd. Dev. Elei 

C-2186S 1.17- 1.19 0-0.21 0.10 

1.23 

0.06 2 .18- 2.23 0.46-0.77 0.6A 

2.28 

C-2187S 1.42- 1.46 0.04-0.30 0.16 

1.50 
0.08 2 .43 - 2.50 0.67-1.07 0.1 

2.54 

C-2188S 1.67- 1.72 0.20-0.53 0,34 

1.76 
0.09 2.67- 2.75 0.89-1.62 1.24 

2.81 

No p r e i r r a d i a t i o n m e a s u r e m e n t s of the e l e m e n t s w e r e m a d e , 
so Do had to be ca lcu la ted from da ta- f i t t ing t echn iques a t the Bui s t a g e . The 
values shown for ADj„ax/Do at Bui and Bu^ a r e b a s e d on those c a l c u l a t e d 
va lues for D,, and the p o s t i r r a d i a t i o n m e a s u r e m e n t s of d i a m e t e r . Of the 
61 e l emen t s in X082, one was d a m a g e d and ano the r was s t a t i s t i c a l l y e l i m i ­
nated f rom the a n a l y s i s , leaving a to ta l of 59 e l e m e n t s to be a n a l y z e d wi th 
r e s p e c t to burnup , fuel vo lume swel l ing (AV/Vo), and b e h a v i o r of the e l e ­
ment with r e s p e c t to its posi t ion in the s u b a s s e m b l y . 

F i g u r e 1.6 shows the A D J ^ ^ X / D O as a function of b u r n u p . 
The m a x i m u m i n c r e a s e s in d i a m e t e r o c c u r r e d n e a r o r at the c e n t e r of a l l 
e l e m e n t s . 

•In a controUed-flow subassembly, coolant flow is controlled to simulate temperatures corresponding to 
62.5-MWt operation while operating at a lower power level. 
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D X06B CENTRIFUGALLY BONDED ANOCENTRIFUGALLY aONDED 
AND DOOBLE-HEAT-TflEATEO AGC FUEL (tased on 3 data pointsi 

A X068 ANL FUEL WITH 85-705 p[m Si (based on 6 data points) 

MAXIMUM BORNUP, al. ^ 

Fig. 1.6. Comparison of Scatterbands for Experimental AD^̂ ax/Î O vs Burnup: 
Subassemblies X082 and X068 

A l i n e a r - r e g r e s s i o n m o d e l ^vas u s e d to e s t a b l i s h s t a t i s t i c a l 
t rends for ADJ^^^X/DO as a function of burnup. The model showed that burnup 
accounted for 53% of the variance of ADj^^xZ-'-'o i" the Buj range and 70% of 
the variance in the Bu^ range. This still leaves a significant portion of the 
variance unaccounted for. 

Fur ther study showed that the position of the element in the 
subassembly was important up to a burnup of about 1.6 at. %. Below this 
burnup level, values calculated using the WADCO swelling equation* were 
in reasonable agreement with the ADmax/Do data. Elements in subassembly 
rows 2-4** tended to have larger diameter increases than those in Rows 5-6, 
but the var iances in ADj^j^^/^o showed a relationship just the r eve r se : i .e., 
the la rges t var iance was in Row 6, adjacent to the subassembly wall. The 
relat ionship of position to fuel volume swelling was s imilar at burnups less 
than 1.6 at. %; however, ADJ^J^JJ/DQ was not significantly dependent on fuel 
volume swelling. The element position within the subassembly accounted 
for 40% of the var iance of AD^^x/^o ^"d AV/Vo with a confidence level of 
80% (determined with standard F test) for burnups less than 1.6 at. %. 

Figure 1.6 also shows ADj^^x/l^o scatterbands for elements 
in X068, a controUed-flow subassembly in which encapsulated elements were 
i r radia ted to a burnup of 2.4 at. % in reac tor row 6. The reason for the dif­
ference between the resul t s for X068 and X082 is being investigated. 

•J. L. Straalsund and J. F. Bates, A Note on the Interdependency of Swelling, Void Diameter, and Void Number 
Density in Annealed AISI Type 304 Stainless Steel, WHAN-FR-15 (Oct 1970). 

••Rows are numbered outward from the center of the subassembly. 
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^- Advanced F u e l (Mark II). R. V. S t r a in (Las t r e p o r t e d : 
ANL-7737 , pp. 8 8 - 9 3 , Aug 1970) 

(i) D e s t r u c t i v e Examina t ion of E n c a p s u l a t e d M a r k - I I E l e m e n t s 
f rom S u b a s s e m b l y X071. Two 24- in . - long (overal l ) M a r k - I I e l e m e n t s f rom 
this s u b a s s e m b l y w e r e examined by sampl ing and a n a l y s i s of f i s s ion , c h e m i ­
cal d e t e r m i n a t i o n of bu rnup , and opt ica l m e t a l l o g r a p h y . One e l e m e n t , 218, 
which contained 93%-enr i ched U-5% F s fuel, had been i r r a d i a t e d in t he c e n ­
t e r of the s u b a s s e m b l y . The o the r , 219, which conta ined 8 0 % - e n r i c h e d fuel , 
had been i r r a d i a t e d in the second row f rom the s ide of the s u b a s s e m b l y away 
f rom the c o r e c e n t e r . Table 1.15 l i s t s the r e s u l t s of the b u r n u p d e t e r m i n a ­
t ions on five s a m p l e s f rom each e l ement . These r e s u l t s a r e b a s e d on the 
d e t e r m i n a t i o n of ' ^ 'La content us ing a f i ss ion yield of 6.15%. M a s s s p e c ­
t r o m e t r y of the f i s s ion gas f rom E lemen t 219 indica ted a f i s s i o n - g a s r e l e a s e 
of 54%. A malfunct ion of the sampl ing equipment p r e v e n t e d quan t i t a t i ve d e ­
t e r m i n a t i o n of the gas r e l e a s e from pin 218. Howeve r , the r e l e a s e is g r e a t e r 
than 40%. 

TABLE 1.15. Chemically Determined Burnups of Samples of 

Encapsulated Mark-II Elements from X071 

Sample 
Position 

in. 

1 

^i 

bh 

11 

\2h 

Element 

a 
I , 

218 

Burnup, 
at. 7, 

5.36 

6.44 

6.56 

5.50 

4.62 

Sample 
Position 

in. 

1 

3% 

6h 

11 

I3I5 

Element 

a 

219 
— 

Burnup, 
at. % 

4.60 

5.22 

5.48 

4.52 

3.90 

^Sample pos i t ion given i s the dis tance frnm ,-F, U 
Pin to the bottom of the sample. S ^ ^ p i r w e ^ : ' " i n ^ l ^ n g ' " ' ' " ' ' 

Me ta l log raph ic exarviir,,*-
pos i t ions Of each elemen't ga've t r i X J ^ ^ g H ^ t ' ^ ^ ^ ^ ^ ^ - i a l 
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(a) The fuel in both elements had continued to grow axially 
during i rradiat ion. The fuel in Element 218 extended about 0.1 in. above the 
dimple r e s t r a ine r and is extremely porous above the dimples. The fuel in 
Element 219 has grown approximately halfway through the ring r e s t r a ine r in 
this element. In both e lements , the fuel contained a large void just below the 
r e s t r a i n e r . 

(b) Appreciable interaction had occurred between the fuel 
and the cladding of both e lements . The interaction zone (see Fig. I. 7) cons ists 

CLADDING 

r "^'-^ •rvAis''"'!C«/^-'6Jbr*'" '*'• j'>~^." • ' * r - " .-V."' . r-•» / » - • • 

" " K ' '.-• ' v - •• . V • - • " ' ' - " • • • • ' ' J ' ' ' - ' * ' ' 

FUEL INTERACTION BAND 

1 D4-13 250X 

INTERACTION BAND IN FUEL 

CLADDING 

CLADDING INTERACTION BAND 

FUEL 

INTERACTION BAND IN CLADDING 

Fig. 1.7. Interaction Bands at Fuel/Cladding Interface in Sample trom 
the Midplane of Mark-II Element 218 at Burnup of 6.6 at. % 
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of (1) a band in the fuel tha t has a di f ferent a p p e a r a n c e m a c r o s c o p i c a l l y , 
but much the s a m e m i c r o s t r u c t u r e as the bulk of the fuel, and (2) a band m 
the cladding (Type 304L s t a i n l e s s s t ee l ) that h a s a m u c h d i f fe ren t m i c r o -
s t r u c t u r e than the c ladding. E l e c t r o n - m i c r o p r o b e e x a m i n a t i o n of o t h e r 
encapsu la t ed M a r k - I I e l e m e n t s f rom X071 shows tha t the band in the c l a d ­
ding has been dep le ted in n icke l and that the band in the fuel has b e e n en ­
r i ched in n icke l . 

Tab le 1.16 gives the depths of the i n t e r a c t i o n bands in s a m ­
ples taken at t h r e e axia l pos i t ions f rom E l e m e n t s 218 and 219. T h e s e da t a 
a r e b a s e d on m e a s u r e m e n t s m a d e on p h o t o m i c r o g r a p h s of the s a m p l e s along 
with in t e rpo la t ion of the m i c r o p r o b e e x a m i n a t i o n of the o t h e r M a r k - I I 
e l e inen t s . 

TABLE 1.16. Depths of I n t e r a c t i o n Bands in Samples 
of Encapsulated Mark-II Elements from X071 

Element 
No. 

218 

218 

218 

Sample 
Position,^ 

in. 

3-1/4 

7 

10-3/4 

Burnup, 
at. % 

6.4 

6.6 

5.5 

Depth of 
Nickel Deplel 
in Cladding 

in. 

0.0012 

O.OOIl 

0.0010 

Hion 
b 

s 

Depth of Nickel 
Penetration into 

Fuel,*' 
in. 

0.0035 

0.0055 

0.0060 

219 

219 

219 

3-1/4 

7 

10-3/4 

5.2 

5.5 

4.5 

0.007 max 

0.0012 max 

0.0010 max 

0.002 max 

0.003 max 

0.004 max 

Sample pos i t ion given i s the d is tance from the bottom of the fuel pin to 
the bottom of the sample. Samples were 1/4 i n . long. 

Values are based on op t i ca l metallography of elements 218 and 219 and 
electron-microprobe examination of o ther Mark-II elements from the same 
subassembly. 

Depth of i n t e r a c t i o n bands varied s i g n i f i c a n t l y in element 219. 

The r e s u l t s of the d e s t r u c t i v e examina t i on show tha t the 
M a r k - I I e l e m e n t can be i r r a d i a t e d to peak burnups of at l e a s t 6.6 at . % 
without fa i l ing. The i n t e r ac t i on be tween the fuel and the c ladding m a y h a v e 
a d e t r i m e n t a l effect on the cladding and the u l t i m a t e life of the e l e m e n t s . 
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However, the maximum depth of the affected zone observed at a burnup of 
6.6 at. % was 0.0012 in., a dimension equal to 10% of the nominal wall thick­
ness and also to the maximum allowable defect in the as - rece ived tubing. 

4. Surveil lance and Fa i lu re Evaluation of Experiinental Fuel I r rad ia t ions , 
J. R. Honekamp (02-194) 

a. Surveil lance of Current Tes ts 

(1) Evaluation of Reaction bet^veen Sodium and Mixed-oxide 
Fuel . S. Greenberg and W. E. Ruther (Last reported: ANL-7776, pp. 37-41, 
Jan 1971). As repor ted in ANL-7776, p. 40, a deposit was produced on the 
surface of del iberate ly defected sample 66B-4 from Element C15 when it 
ix7as exposed to moist nitrogen and to moist air after it had been exposed 
in sodium. The deposit , presumably sodium hydroxide, has been examined 
for activity by g a m m a - r a y spec t romet ry and alpha-energy techniques. The 
presence of fission products " Z r , " " R U , ' " C S , and ' " C e along with " ' P u 
indicates that some fuel reached the exter ior of the cladding during expo­
sure to the moist gas . Metal lographic examination of 66B-4 has been com­
pleted. The fuel had an unusual etched appearance, presumably caused by 
the moist environment. 

During the exposure of 66B-4 (including the exposure to the 
moist gas), the length of the sample (as measured by mic romete r ) increased 
6 mi l s . Metal lographic examination showed that the fuel had expanded axi­
ally (at both ends) a total of 6.3 m i l s . 

The behavior of 66B-4 after it was removed from the moist 
environment may be of in te res t to r eac to r operators and exper imente r s . 
After the hydroxide react ion product was removed from the exter ior of the 
sample , the complete sample was cast in epoxy, using a clear plastic tube 
as a mold. The presence of alkaline react ion products inside the sample 
did not in terfere with setting of the epoxy. Difficulties were introduced, 
however, in subsequent metal lographic operat ions. Enough sodium had 
been removed by the moist environment, par t icular ly in the region of the 
defect, so that it no longer acted as a "cement" holding the fuel together. 
However, enough sodium and/or react ion product remained to hamper 
impregnation by the epoxy. Three impregnations were neces sa ry to p ro ­
duce a sa t is factory longitudinal sample and prevent excessive loss of fuel 
ma te r i a l during grinding. 

Sodium exposure of del iberately defected sample 66B-8, 
also from Element CI 5, was terminated after 86.9 days (45.2 days at 
1200°F and 41.7 days at 700-1050°F). Metallographic examination is in 
p r o g r e s s . Table 1.17 gives the resu l t s of exposure of 66B-8 for the period 
after that repor ted in ANL-7776. The "excess" sodium takeup is p r e s u m ­
ably due to sodium trapped in and around the end caps. 



30 

TABLE 1.17. Results of Sodium Exposure at 1200°F on Sample 66B-8, Element €15 

Elapsed Time, 
days 

Cumulative Diameter Change, mils Cumulative Length Cumulative^ 

Plane of Defect Normal to Defect Increase, mils Wt Gain, mg 

66.6 

68.3 

73.3 

86.9 

7.2 

9.1 

8.4 

9.7 

10.1 

10.1 

10.3 

24.2 

24.6 

25.1 

206 

265 

244 

Includes 41.7 days at 700-1050°F. 

Distortion due to spacer wire reduces accuracy of these measurements. 

Weight gain is presumably due to sodium-logging. Calculated maximum sodium takeup, 
based on calculated smear density and assumed accessibility of all porosity, is 
226 mg. 

After 68.3 days of e x p o s u r e , fine c i r c u m f e r e n t i a l and ax ia l 
c r a c k s w e r e o b s e r v e d g e n e r a l l y in the c ladding, but w e r e m o s t c o n c e n t r a t e d 
in the reg ion of the end caps . The extent of c r a c k i n g did not a p p e a r to in­
c r e a s e dur ing the l a s t 18.6 days of e x p o s u r e . 

Me ta l l og raph i c examina t i on of 66B-8 h a s shown tha t , a s for 
Sample 59B-7* (the only o ther defected s a m p l e examined to da te tha t had 
been exposed only to sod ium) , the c e n t r a l void and a l l o the r p o r o s i t y is 
fil led with sodium. The fuel has an e tched a p p e a r a n c e tha t is m a r k e d l y 
different f rom that of the fuel of S a m p l e s 66B-4 and 59B-7 , both of which 
had been exposed at 700°F. C o n s i d e r a b l e g r a i n - b o u n d a r y a t t a c k and l o s s 
of fuel g ra ins s e e m to have o c c u r r e d . T h e r e is ev idence of a t t a c k at the 
fue l /c ladding in t e r f ace . This is not unexpec ted , b e c a u s e s i m i l a r a t t a c k 
has been identified as c e s i u m pene t r a t i on by o the r i n v e s t i g a t o r s . The 
cause of the cladding c rack ing d e s c r i b e d above is not known. The c r a c k s 
o r ig ina te at the outs ide s u r f a c e , and one, at l e a s t , which is n o r m a l to the 
defect , p e n e t r a t e s to a depth of about a t h i rd of the c ladding t h i c k n e s s . 
Me ta l log raph ic examina t ion has not yet p r o c e e d e d far enough to d e t e r m i n e 
whe the r the l a r g e o b s e r v e d i n c r e a s e in length (25.1 m i l s ) is due to fuel 
growth or is an e x p e r i m e n t a l e r r o r . 

A second d e l i b e r a t e l y defected s a m p l e (59B-11) f r o m E l e ­
m e n t 007 has been exposed to sod ium at 1200°F for 25.5 d a y s . The p u r p o s e 
of this e x p e r i m e n t is to d e t e r m i n e d i r e c t l y the effect of t e m p e r a t u r e of 
e x p o s u r e . Tab le 1.18 gives the c h a r a c t e r i s t i c s of the s a m p l e and the r e ­
su l t s of e x p o s u r e to da te . After 1.7 days at 1200°F, axia l c r a c k s , e m a n a t i n g 

•This is the first sample taken from Element 007. It was identified simply as Sample 007 in ANL-7776, 
pp. 37-38, where the results of its examinations are reported. 
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from the ends of the milled defect, developed in the s tainless steel clad­

ding. After 5.2 days, the ends of these cracks were branched. There has 

been no apparent increase in size or number of cracks during the subse­

quent exposure. 

TABLE 1.18. Exposure of Sample 59B-11 from Element 007 to Sodium at 1200°F 

Character is t ics of Sample 

Coprecipltated mixed oxide (20% Pu) 

Oxygen/metal ra t io - 1.98 

Smear density - 76.5% 

Pel le t density - 79.4Z 

Burnup - 5.8 a t . % 

Length of defect in cladding - 0.59 in. 

Depth of defect into fuel - 0.020 in. 

Results of Exposure 

ci J T.J Cumulative Diameter Change, mils ^ , . . . ^ , . 
Elapsed Time, . 2__! Cumulative Length Cumulative 

days Plane of Defect Normal to Defect Increase, mils Wt Gain, mg 

1.7 4.9 4.0 5.0 195 

5.2 ~ 5.0 

6.9 4.7 5.0 7.0 199 

11.9 5.6 5.4 7.5 202 

5.5 7.2 6.1 9.1 207 

Maximum sodium takeup, based on same assumption as for sample 66B-8, is 255 mg. 
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C. E n g i n e e r i n g 

1. S y s t e m s E n g i n e e r i n g . B . C. C e r u t t i (02-068) 

a. S u r v e i l l a n c e , E v a l u a t i o n , and S tud ies of S y s t e m s ( L a s t 
r e p o r t e d : ANL-7776 , pp . 3 2 - 3 3 , J a n 1971) 

(1) Ma in t enance of No. 1 P r i m a r y - s o d i u m P u m p (R. E . S e e v e r ) . 
On two known o c c a s i o n s in the l a s t y e a r , the No. 1 p r i m a r y - s o d i u m c e n ­
t r i fugal pump exhib i ted i n c r e a s e d power r e q u i r e m e n t s , wh ich i n d i c a t e d tha t 
s o m e binding m a y have o c c u r r e d . Dur ing the r e c e n t m a i n t e n a n c e shu tdown 
of the r e a c t o r , the p u m p , which had b e e n i m m e r s e d con t i nuous ly in hot s o ­
d ium for m o r e than s e v e n y e a r s , was r e m o v e d f r o m the p r i m a r y tank, d i s ­
a s s e m b l e d , c leaned , i n spec t ed , r e a s s e m b l e d , and r e i n s t a l l e d . M i n o r 
r e p a i r s and modi f i ca t ions w e r e p e r f o r m e d on the p u m p a f t e r it w a s c l e a n e d . 
Highl ights of the w o r k w e r e as fo l lows; 

(a) A c o n s i d e r a b l e amoun t of s o d i u m and s o d i u m oxide 
was found both ins ide and ou t s ide the p u m p a s s e m b l y . B e c a u s e of the p o ­
ten t i a l for a s o d i u m f i r e , the baffle, s h a f t - i m p e l l e r , and c a s e - m a n i f o l d 
s u b a s s e m b l i e s w e r e c l eaned on a s o d i u m - c l e a n u p pad ou t s ide the r e a c t o r 
bu i ld ing . 

(b) The r a d i o a c t i v i t y and r a d i o a c t i v e - c o n t a m i n a t i o n l e v e l s 
w e r e high enough to r e q u i r e comple t e c o n t a i n m e n t of the p u m p in a p l a s t i c 
envelope for d i s a s s e m b l i n g . Air was supp l ied into the top of the enve lope 
and exhaus t ed f rom the b o t t o m t h r o u g h an abso lu t e f i l t e r . E n t r y in to the 
envelope was con t ro l l ed by Rad ia t ion Safety. P e r s o n n e l w o r k i n g i n s i d e the 
envelope wore comple t e f i r e - r e t a r d a n t and a n t i c o n t a m i n a t i o n c lo th ing as 
we l l as ful l - face sh ie lds supp l ied wi th a i r . 

(c) Cleaning c o n s i s t e d of i m m e r s i n g in e thyl a l coho l 
(except for the s h i e l d - p l u g s u b a s s e m b l y ) , wash ing wi th w a t e r , wip ing wi th 
w a t e r - d a m p e n e d cloth, b r u s h i n g , and soaking in d e c o n t a m i n a t i o n so lu t i on . 
The sod ium and s o d i u m oxide w e r e r e m o v e d , and the r a d i o a c t i v i t y and 
r a d i o a c t i v e - c o n t a m i n a t i o n l eve l s w e r e d e c r e a s e d . H o w e v e r , the l e v e l s r e ­
m a i n e d high enough to r e q u i r e r e a s s e m b l i n g , as wi th d i s a s s e m b l i n g , in a 
p l a s t i c envelope under the con t ro l of Rad ia t ion Safe ty . 

(d) The void be tween the p u m p shaft and the l o w e r 1 ft of 
the sh i e ld -p lug l i ne r was comple t e ly f i l led wi th s o d i u m o x i d e . Rub m a r k s 
w e r e v i s i b l e . 

(e) The l o w e r - l a b y r i n t h s e a l was bad ly c o r r o d e d and had 
to be r e p l a c e d . Sodium oxide had f i l led the void b e t w e e n the s e a l s e r r a t i o n s 
and the shaft, d e s t r o y i n g the s e r r a t i o n s . 
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(f) The space above the first baffle plate and below the top 
flange of the upper-baffle subassembly was filled with sodium and sodium 
oxide. The void between the f irs t and second baffle plates was about a 
fourth filled, but only a coating was present between the second and third 
baffle p la tes . 

(g) Some very minor shaft damage had occurred in the a rea 
extending from about 6 in. above the 700°F sodium level in the p r imary tank 
to about Z ft above that level. 

(.h) Oil from the lubricating grease in the lower bearing of 
the drive motor had leaked down the motor shaft into the central hole at the 
top end of the pump shaft, into which the motor shaft fits, and out the two 
keyway-relief holes the re . This oil had run do^vn the pump shaft to the so­
dium level . 

(i) The welds on the 12-in. discharge pipe and its bottom 
bellows w^ere examined w îth a t h ree - and a ten-pow^er magnifying g lass . 
All welds appeared in excellent condition, including those joining the four 
6-in. volute pipes to the discharge pipe. 

(j) All bolts removed from the pump assembly showed 
stretching in the threaded portion that was not threaded into the tapped holes. 

The pump rework done was minor . The existing cleanout 
holes for the upper baffle plates in the baffle-subassennbly body were plugged 
with removable pipe plugs, and new holes were drilled just below the 700°F 
sodium level to direct the argon purge through the baffle and thereby reduce 
the buildup of sodium oxide. The keyway-relief holes in the punnp shaft 
were plugged to prevent any oil that separated from the grease in the lower 
bearing of the drive motor from flowing out of the shaft bore and down the 
shaft. The g rease sys tem for the lower bearing of the motor was slightly 
changed to increase the r e se rvo i r capacity and provide grease containment. 
During reassembl ing of the pump, a new p re s su re t r ansmi t t e r , a new lower-
labyrinth seal , and all new assembly bolts were used. 

(2) Intermediate Heat Exchanger (A. F . Clark). It has been 
previously repor ted (ANL-7776, pp. 41-42) that the inter ior of the secondary-
sodium inlet pipe of the IHX was inspected with a periscope and an argon-
cooled remote TV sys tem to find the source of the banging noise first 
encountered on November 14, 1970. The inspection concentrated on the 
l - in . -d ia drain tube and its supports . The upper J-shaped clip (about 8 ft 
below the inlet elbow) was found to be bent away from the tube. A clearance 
of 1/8 to 1/4 in. between the tube and clip was observed. The bottom clip 
(normally about 1 ft above the baffle assennbly at the bottom of the IHX inlet 
pipe) was broken off close to t;he weld and was miss ing. 
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Further TV inspections while the baffle was being pulled 
on and the drain tube was being shaken did not identify any additional failed 
welds or broken par ts . An unsuccessful attempt was made to locate the 
missing clip by close TV examination of the baffle assembly and by "raking" 
with a retrieval tool. Analysis indicates that the clip will not be carr ied 
further in the system by the sodium flow, and even if it were, no harm 
would result . 

The status of the drain-tube clips verified ear l ie r suspi­
cions of the source of noise, andthe remaining clip and the drain tube were 
removed. The upper clip was removed by using 10-ft-long twist tools de­
signed to accommodate the special IHX geometry. Each tool was equipped 
with a lanyard to prevent loss of broken pa r t s . The clip was simply twisted 
back and forth until it failed close to the weld point. The failure at the 
location of the upper clip looked similar to that at the location of the lower 
clip. 

The upper end of the drain tube was cut with an arc welder 
by simply reaching through the access port . The bottom end of the tube 
was then cut by use of a "pinch-off" tool operated with high-pressure argon. 
The tool was essentially a heavy-duty, piston-driver assembly, designed to 
slide over the free end of the tube and shaped to fit the contour of the inlet 
pipe. This tool was worked downward by a ser ies of l ight -pressure squeezes 
(using about 200 psi), which flattened but did not cut the tube, until the tool 
was within 7 in. of the baffle assembly. Application of the full 2000-psi argon 
pressure cut the tube, and the tube was then easily removed. 

Marks on the tube, clip, and interior of the inlet pipe sug­
gested that the tube had been vibrating within its supports for some t ime. 
The increased flow rate in the secondary system, which developed when re­
actor power was raised to 62.5 MWt, is believed to have increased the 
vibration amplitudes of the tube and accelerated the failure of the clips. 
With loosely held clips, the tube became free to vibrate even more violently 
and bang on the inside of the inlet pipe. 

After final TV inspections, the 12-in, access patch was r e -
welded to the inlet-pipe elbow. The weld was inspected with satisfactory 
results , and the entire secondary system was returned to the normal oper­
ating mode. As the flow of sodium in the secondary system was increased, 
noise monitoring of the IHX revealed nothing other than normal background 
vibrations . 

b- Plant Improvements. H. W. Buschman (Last reported; 
ANL-7742, p. 56, Sept 1970) . 

(1) Increased Capacity of Motor-driven Feedwater Pump. The 
capacity of the motor-driven feedwater pump (MDFP) has been increased 
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about 15% by installation of an automatic rec i rcula t ion-control (ARC}vaIve. 
During initial operation of EBR-II at 62.5 MWt, the MDFP was found to be 
running wide open without an overflow margin . Since the pump was being 
operated with constant recirculat ion, there was a possibili ty of increasing 
the effective pump capacity by shutting off the recirculat ion flow when the 
main flow was above the minimum allowable flow. An ARC valve that ac ­
complishes this rec i rcula t ion control without flowmeters or ins t rumenta­
tion was procured and instal led during the maintenance shutdown. 
Operational checkout of the pump and valve has verified that the MDFP 
now has adequate capacity, with some overflow margin, when the plant is 
operating at 62.5 MWt. 

(2) Sampling of Secondary-sys tem Cover Gas. A new gas 
sampler was instal led for the secondary-sys tem argon cover gas . It has a 
reci rcula t ion loop with a t r anspor t t ime of less than 30 sec . A small sam­
ple is withdrawn from this loop for analysis by a gas chromatograph. The 
sample is provided to the chromatograph much faster than with the old 
sys tem (""1 min compared with >1 hr ) . Although the new sannpler is opera­
tional, the new^ly installed sodium-vapor t rap is not performing satisfacto­
r i ly. Sufficient sodium aerosol and/or vapor passes through the t rap to 
cause blockage in the downstream tubing. Methods for improving the effi­
ciency of the t rap a re being investigated. 

(3) P r i m a r y - t a n k P r e s s u r e - V a c u u m Re l i e f S y s t e m . A 
p r e s s u r e - v a c u u m r e l i e f s y s t e m fo r the p r i m a r y - s y s t e m c o v e r g a s w a s i n ­
s t a l l e d and o p e r a t i o n a l l y t e s t e d . The s y s t e n a p r o t e c t s the p r i n n a r y t a n k 
f r o m d i f f e r e n t i a l p r e s s u r e s c a u s e d b y b u i l d u p of v a c u u m of p r e s s u r e e i t h e r 
i n s i d e o r o u t s i d e the p r i m a r y t a n k . The l i m i t s of p r e s s u r e r e l i e f , r e l a t i v e 
to r e a c t o r - b u i l d i n g p r e s s u r e , w e r e m e a s u r e d by t e s t s a s +13.7 in- a n d 
- 4 . 3 i n . H2O. 

2 . I n s t r u m e n t e d S u b a s s e m b l i e s . E . H u t t e r , A. S m a a r d y k , and J . P o l o n c s i k 
( 0 2 - 0 4 8 ) 

a . I n s t r u m e n t e d - s u b a s s e m b l y F a c i l i t y ( L a s t r e p o r t e d : A N L - 7 6 7 9 , 
p p . 3 7 - 3 9 . M a r 1970)* 

T h e i n s t r u m e n t e d - s u b a s s e m b l y s y s t e m h a s b e e n o p e r a t i v e in 
E B R - I I s i n c e N o v e m b e r 1969, w h e n the f i r s t of two i n - r e a c t o r t e s t s of the 
s y s t e n n w e r e b e g u n . In the f i r s t t e s t , t he d r i v e s y s t e m and d u m m y (unfueled) 
s u b a s s e m b l y w e r e i n s t a l l e d , and t h e s u b s y s t e m s w e r e t e s t e d w h i l e the r e ­
a c t o r w a s s u b c r i t i c a l . In t h e s e c o n d t e s t ( S u b a s s e m b l y XXOl) , w h i c h c a n b e 
c o n s i d e r e d a n e x t e n s i o n of the f i r s t , f u e l e d c a p s u l e s w e r e in the s u b a s s e m ­
b l y , and s y s t e m p e r f o r n n a n c e w a s e v a l u a t e d w h i l e t h e r e a c t o r o p e r a t e d at 
ful l p o w e r . T h e o b j e c t i v e s of t h i s t e s t w e r e to a s s e s s : ( l ) the full c a p a b i l i t y 

•Reported under: a. Test One and Two and b. Test Three. 



36 

of the system during reactor operation and (2) the ability to continually 
monitor fuel temperatures , coolant flow, p r e s su re s , and other pa ramete r s 
within the subassembly. Subassembly XXOl was an ANL prototype that 
demonstrated the feasibility of a variety of instruments , including (1) va r i ­
ous thermocouples to measure temperatures in the subassembly, (2) a 
magnetic flowmeter to measure coolant flow through the subassembly, and 
(3) f iss ion-gas-pressure t ransducers to measure p ressu res in the fuel 
elements. The test with Subassembly XXOl was satisfactorily concluded 
in April 1970, and the subassembly was then removed from the reac tor . 
The instrumented subassembly (XX02) for the third test contains fuel ele­
ments supplied by an experimenter. (See P rogres s Reports for Septem­
ber 1969, ANL-7618, p. 30, and February 1970, ANL-7669, pp. 53-56.) 
The instrumentation was similar to that in Subassembly XXOl. This sub­
assembly was installed in the reactor in April 1970 and is operating 
satisfactorily. 

b. Instrumented-subassembly Test 4 (XX03) (Last reported: 
ANL-7776, pp. 22-23, Jan 1971) 

This subassembly, being shipped to the reactor site, contains 
apparatus for measuring irradiation-induced creep of s t ructura l mater ia ls 
while they are being irradiated in the reactor . The subassembly includes 
two additional new features; a micropositioner for measuring length change 
of the specimens, and a heating element to control the temperature of the 
specimens . 

c. Future Instrumented Subassemblies (Not previously reported) 

Two additional tests are being designed; Subassemblies XX04 
and XX05. Both will contain experiments of Hanford Engineering Develop­
ment Laboratories (HEDL), who also sponsor the experiment in XX03. 

Subassembly XX04 (HEDL P-17A) will contain 35 elements 
fueled with UOj-PuOj pellets. The instrumentation will be s imilar to that 
in Subassemblies XXOl and XX02. Subassembly XX05 (HEDL Creep Markl l ) 
will be similar to Subassembly XX03, but will contain some design 
refinements. 

3- EBR-II In-core Instrument Test Facility. E. Hutter (02-131) 

a- Design and Development of Facility (Last reported: ANL-7758, 
pp. 42-48, Nov 1970) 

(1) Calculation of Reactivity Effects (O. S. Seim and 
C. J. Divona). During reactor operation, the coolant-flow control valve of 
the in-core instrument test facility (INCOT) may be adjusted to regulate 
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the flow rate (and hence the t empera tu re ) of the sodium in the INCOT. 
Since actuation of the valve, which is above the small rotating plug of the 
reac tor , changes the t empera ture (and hence the density) of the sodium, 
calculations have been made to determine the reactivi ty effect caused by 
valve actuation. 

F r o m worth measurements made on a ZPR-3 mockup of 
EBR-II with a uranium blanket, the worth of sodium in Row 5, averaged 
over a distance extending from 14 in. above to 14 in. below the midplane 
of the reac tor , is 40 Ih/kg. The volume of sodium in the middle 28 in. of 
INCOT is 241 cm^. For an unreal is t ica l ly extreme case , in which the 
241 cm^ of sodium at a uniform tempera ture of 1200°F is assumed in­
stantly replaced by the same volume of sodium at 700°F, the corresponding 
change in reactivi ty would be 0.64 Ih. The average worth used, and hence 
the result ing reactivity, would be higher for the reactor with the steel r e ­
flector. Tending to offset this , however, is that no account was taken of 
the decrease in average worth in going from the ZPR-3 to the l a rge r -
volume cur ren t EBR-II configuration. 

A minimum of about 200 sec would be required for the 
motor -opera ted valve to change the sodium flow rate in INCOT from 0.5 to 
32 gpm (equivalent, respect ively, to 1200 and 700°F outlet sodium tempera ­
ture) . The result ing rate of change of reactivi ty (~0.003 Ih /sec) is small 
compared with the maximum rate of change of reactivity due to control-rod 
motion (1-2 Ih / sec ) . 

(2) INCOT Hydraulics (J. Pardini and R. Brubaker) . When 
INCOT becomes operational, a tes t of the F F T F flow sensor in the facility 
is planned. Since 8 to 12 ins t rument leads wi^l pass between the flowmeter 
and the connections in the INCOT te rmina l box, and since approximately 
12 ft of the leads "will be submerged in flowing sodium, studies have been 
made to ensure that the leads a re adequately supported. 

The relat ive p r e s s u r e drop and vibration susceptibility of 
severa l potential support schemes were briefly studied. The studies indi­
cated that a reasonable compromise between stiffness and p r e s s u r e - l o s s 
requi rements would resu l t if the lead wires were fastened to a solid 
l / 2 - i n . -d i a rod attached to the flowmeter at one end and the terminal box 
at the other . The feasibility of this method was investigated by testing a 
full-scale (30-ft-long) mockup assembly of a flowmeter and severa l lead 
wi res in a water test facility constructed of Lucite pipe. The test , con­
ducted to velocit ies exceeding those expected in the reac tor , showed that 
the assembly was quite stable at all flows. No perceptible flow-induced 
vibration occurred, although a slight wandering of the assembly in the pipe 
took place at infrequent and apparently random in te rva l s . 
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(3) P res su re Drop of Sodium in INCOT Thimble (O. S. Seim 
and J. Wendte). The pressure drop in the thimble assembly containing the 
Model 3 sensor assembly for testing the F F T F in-core flow sensor was 
calculated for a sodium flow rate of 38.8 gpm. The p ressu re drop over the 
entire thimble assembly (including the flow valve) was calculated to be 
47.6 psi. This pressure drop includes the effect of 10 instrument leads 
(each 0.125 in. in diameter) extending from the outer surface of the flow 
sensor to the top of the assembly. Since the allowable p ressu re drop is 
46.6 psi, the maximum flow rate through INCOT should be slightly less 
than 38.8 gpm. 

The calculated p ressure drop of 47.6 psi is divided as 
follows: from sodium inlet holes to flow-valve inlet (excluding screen) , 
3.5 psi; across screen, 3.0 psi; across flow valve (wide open), 11.3 psi; 
from flow-valve outlet to flowmeter guide, 23.6 psi; from flowmeter guide 
through sodium outlet hole, 6.2 psi . 

(4) Design Considerations of INCOT Flow Valve (O. S. Seim 
and J. Wendte). The INCOT flow valve must be able to control the sodium 
flow rate over a range from 0.5 to about 38 gpm. Its sensitivity must be 
such that the sodium temperature (measured at the susceptor outlet) will 
drop only about 50°F per degree of valve rotation. An orifice size of 
0.086 in. (No. 44 drill) will give a flow rate of 0.5 gpm when the valve is in 
the closed position (0°). The valve-opening contour was designed so that 
the drop in the sodium temperature (measured at the susceptor outlet)would 
be about 50°F per degree of valve rotation over the range from 0 to 9°. Over 
that range of valve rotation, the sodium flow rate would range from 0.5 to 
about 2.5 gpm. Above the flow rate of 2-5, the flow would be controlled by 
the remaining rotation (up to 102°) of the valve. 

(5) Mockup Testing of INCOT Components (O. S. Seim and 
R. H. Olp). Mockup testing of various INCOT components has been success­
fully done in the full-scale mockup of the EBR-II small rotating shield plug 
in Building D-331. Included was a test of a mockup of the elevator drive as ­
sembly, designed to raise the entire thimble assembly (including the t e rmi ­
nal box) clear of the reactor core during fuel handling. The drive assembly 
will be attached to and supported from the existing control-rod center sup­
port column (see Fig. 1.8). With this design, the drive assembly, sliding 
yoke, lead screws, guide track, and guidance-and-support assembly are be­
tween the centerline of the control-rod opening and the outside surface of 
the center support column. Thus, the subassembly-and-extension-tube 
package can be installed and removed with minimum disassembly. Only 
the elevator assembly need be removed for insertion or withdrawal of the 
thimble assembly. 

The principal parts of the drive assembly successfully 
tested are; (a) the drive motor and gear reducer, on top of the extension 
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column, for driving a gear box and torque-limiting clutch to rotate two ball 
screws; (b) the two 120-in.-long, l /Z- in . -dia ball screws for changing the 
rotary motion to vert ical movement of the elevator assembly, which t rave ls 
along a guide track; (c) the elevator assembly, which contains load-sensing 
apparatus and a coupling for attachment to the top of the terminal box of 
the thimble assembly; (d) a l lO-in.-long vert ical guide t rack for guiding 
and supporting the elevator assembly over the full length of the t rack, 
which is attached for support to the recessed surface of the extension col­
umn; and (e) an interlocking slide device that ensures locking of the ele­
vator assembly, with thimble assembly attached, in the "full-up" position 
before rotation of the shield plug. 

The drive is operated by a three-phase , ac revers ing gear 
motor, a gear box, and a gear set to give a speed reduction of 1725 to 
32 rpm and a shaft output of 120-in.-lb of torque to the drive screws. Each 
ball screw has a static load capacity of 3150 lb and an operating load ca­
pacity of 600 lb. Total weight of the thimble assembly is est imated as 
350 lb. Operational tests of the mockup of the drive system have indicated 
satisfactory operation and suitable spatial arrangement. 

Additional mockup tests have been successfully made to 
check the operating arrangement of the thimble-assembly handling con­
tainer around the vertical s t ructures on the mockup of the small rotating 
plug. The handling container (described in ANL-7758, p. 45) is a 36-ft-long 
assembly consisting of a 7-ft-long shielded coffin suspended from an over­
head crane. Because of the small distance between the centerline of the 
control-rod opening and the exterior of the control-rod center support col­
umn, space is limited for placing the shield around the rea r of the coffin 
when the container is on top of the terminal box. For this reason, a sec­
ondary movable shielding section is suspended above the coffin at an eleva­
tion sufficient to clear the center support column and is lowered to surround 
the rear of the coffin when the coffin is nnoved away from the column. 

Biological shielding is provided for the operator by a tem­
porary shielded booth about 13 ft away from the coffin. The booth has 2-in. 
lead shielding and a viewing-window section of equivalent shielding thickness. 
The booth contains provisions for control of (a) the drive motor for rais ing 
and lowering the movable shield and (b) movement of the overhead crane. 
A mechanical connection between the booth and the coffin provides for manual 
closing and locking of the bottom coffin shutter and for positioning the coffin 
at the proper location while the movable shield is being lowered. Use of 
the shielded booth is not required after the movable shield is in position. 

Mockup testing of these handling procedures have been 
successfully performed. 
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(6) Instrumentat ion and Control (W. Thompson, G. Giorgis, 
and R. Dickman). Design of the e lec t r ica l control-and-interlocking network 
of the INCOT elevating sys tem has been s ta r ted . As with the instrumented-
subassembly elevating system, the INCOT elevating system will be con­
trolled from the EBR-II fuel-handling console. Almost identical c i rcui t ry 
will be used. The major differences in e lec t r ica l design between the two 
sys tems a re in the cabling a r rangements and the location of e lect r ica l 
components such as junction boxes, force indicators , and re lays . A new 
design for the junction boxes "will be required. 

P re l imina ry design of all wiring and cabling has been com­
pleted. The design includes a traveling cable that remains connected to the 
elevator assembly . Because of different space res t r i c t ions , the cabling 
scheme used on the ins t rumented subassembly could not be used. The 
scheme chosen for INCOT consists of two re t rac table cords, for power and 
control leads, and a sp r ing - r e t r ac t ed pulley for guiding a shielded cable 
that c a r r i e s the excitation and signal leads for a force t ransducer . 

P re l imina ry design of the physical a r rangement of the 
INCOT control components in the fuel-handling console also has been com­
pleted. These components will be located in the five-bay auxiliary cabinet 
next to the console. Detailed wiring diagrams are being p repared . 

To tes t the operation of the controls and interlocks in the 
full-scale mockup, the t empora ry e lec t r ica l control console originally used 
for testing the ins t rumented subassembly is being renovated. 

4. Hot Fuel Examination Faci l i t ies (02-150), 

a. Improvement of the FEF. M. J. Feldman 

(1) Instal lat ion of Additional Wall Penetra t ions in the F E F Air 
and Argon Cells (M. D. Carnes) . Fifteen new penetrat ions (14 and 16 in. in 
d iameter ) a re being instal led in the 5-ft-thick concrete shielding walls of 
the F E F air cell and argon cel l . They will be used for future in-cel l ex­
amination equipment or manipula tors being planned. Five of the penetrat ions 
a re in the walls of the a i r cell , and ten in the walls of the argon cell . The 
a i r - c e l l penetra t ions a re for three new per iscope locations, a prec is ion 
gamma scanner , and an optical re lay for use with an optical prof i lometer . 
The a rgon-ce l l penetrat ions a re for eight new gas - sea l ed m a s t e r - s l a v e 
manipula tors and two new gas - sea l ed p e r i s c o p e s . Drilling of the holes 
through the a i r - c e l l walls is being completed (with minimum interruption 
to in-cel l ac t iv i t ies) . The holes in the a rgon-ce l l wall were dri l led to the 
s teel l iner , without cutting into the l ine r . Plans and procedures are being 
developed for cutting through the l ine r . 
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(2) F E F D e c o n t a m i n a t i o n F a c i l i t y (M. D. C a r n e s and 
K. H. Kinkade) . A r e m o t e l y o p e r a t e d d e c o n t a m i n a t i o n f ac i l i t y h a s b e e n in ­
s t a l l ed in the b a s e m e n t of the F E F . C o n t a m i n a t e d e q u i p m e n t (or a p p a r a t u s ) 
wi l l be t r a n s f e r r e d t h rough the a i r ce l l to the fac i l i ty , w h e r e it w i l l be d e ­
con tamina t ed wi th s t e a m or h i g h - p r e s s u r e w a t e r and v a r i o u s c h e m i c a l 
a g e n t s . After be ing d e c o n t a m i n a t e d to r a d i a t i o n l e v e l s p e r m i t t i n g d i r e c t 
con tac t m a i n t e n a n c e , the equ ipmen t wi l l be t r a n s f e r r e d to a r e p a i r a r e a . 
The faci l i ty is expec t ed to be in rou t ine o p e r a t i o n soon . 

(3) F i l t r a t i o n of A t m o s p h e r e of Argon Cel l (M. D. C a r n e s 
and K D e C o r i a ) . Two independen t s u b s y s t e m s (nor th and sou th) cool and 
c i r c u l a t e the a t m o s p h e r e of the a r g o n c e l l . The e q u i p m e n t for the two s u b ­
s y s t e m s is in the subce l l a r e a of the F E F . B e c a u s e of r a d i a t i o n d i f f icu l t ies 
e n c o u n t e r e d m p e r f o r m i n g d i r e c t m a i n t e n a n c e on the e q u i p m e n t , i t w a s 
dec ided to r e m o t e l y ins ta l l i n - c e l l s u b s y s t e m f i l t e r un i t s to f i l t e r a l l the 
c i r cu l a t i ng a t m o s p h e r e As r e p o r t e d in the P r o g r e s s R e p o r t for June 1970, 
ANL-7705 , pp . 111-112, the f i l t r a t ion s y s t e m * for the n o r t h c i r c u l a t i n g 
s u b s y s t e m was i n s t a l l e d f i r s t . A s i m i l a r s y s t e m has now b e e n i n s t a l l e d f o r 
the south c i r c u l a t i n g s y s t e m . Both c i r c u l a t i n g s u b s y s t e m s have b e e n o p e r ­
ating s a t i s f a c t o r i l y . All r e c i r c u l a t i n g a r g o n can now be f i l t e r e d . 

(4) Handling S u b a s s e m b l i e s Conta in ing F a i l e d F u e l ( D . M . P a i g e ) . 
A s y s t e m is be ing developed for handl ing a s u b a s s e m b l y conta in ing a fuel 
f a i lu re in E B R - I I tha t is too s e v e r e for safe handl ing wi th s t a n d a r d p r o c e ­
d u r e s , (See P r o g r e s s R e p o r t s for M a r c h 1970, A N L - 7 6 7 9 , pp . 34 -36 , and 
Oc tober 1970, ANL-7753 , pp . 44 -48 . ) O the r e q u i p m e n t i s be ing d e s i g n e d for 
t r a n s f e r of the fa i led- fue l s u b a s s e m b l y f r o m the r e a c t o r to the F E F and for 
the i n - c e l l d i s a s s e m b l i n g and e x a m i n a t i o n of the s u b a s s e m b l y . The s u b a s ­
s e m b l y "will be r e m o v e d f rom the r e a c t o r in a s o d i u m - f i l l e d c o n t a i n e r , 
which is s e a l e d in a s e p a r a t e g a s - t i g h t c o n t a i n e r wi th in a c a s k . The g a s -
t ight con t a ine r , holding the s u b a s s e m b l y , wi l l be r e m o v e d f r o m the c a s k 
th rough the a i r - c e l l f loor por t , r a i s e d into the a i r ce l l , and then t r a n s f e r r e d 
to the a r g o n ce l l , w h e r e the s u b a s s e m b l y wil l be e x a m i n e d and d i s a s s e m b l e d . 

Before the s u b a s s e m b l y is d i s a s s e m b l e d , it wi l l be g iven 
n o n d e s t r u c t i v e examina t ions m the a r g o n ce l l . These wi l l inc lude g a s - f l o w 
m e a s u r e m e n t s , v i sua l and pho tograph ic o b s e r v a t i o n s , n e u t r o n r a d i o g r a p h y , 
and d imens iona l m e a s u r e m e n t s . E q u i p m e n t for t h e s e e x a m i n a t i o n s is in 
the conceptua l s t a g e , but s o m e of it wil l only be m o d i f i c a t i o n s of ex i s t i ng 
F E F or c o m m e r c i a l l y ava i lab le i t e m s . 

F o r the d i s a s s e m b l i n g s t ep , a c o m m e r c i a l l y a v a i l a b l e m i l l ­
ing mach ine wi th n u m e r i c a l con t ro l has b e e n s e l e c t e d to cut the h e x a g o n a l 
can of the s u b a s s e m b l y . It wil l be modi f ied for u s e in an a r g o n a t m o s p h e r e . 

*The filters are Dri-Pak 100 filter cartridges (glass-fibei media), fabricated by the American Filter 
Company, Inc. 
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The fuel elements from the subassembly will be examined 
in the a i r and argon cel ls , p r imar i ly with existing F E F equipment. The 
examinations will include visual and photographic observations; gamma 
scanning; neutron radiography; measuremen t s of diameter , bow, length, 
and balance point; and gas sampling. 

Besides those i tems directly associated with the failed-
fuel subassembly, some additional equipment related to radiation pro tec­
tion will be provided because alpha contamination will be a possibili ty. 
This equipment will include alpha monitors and a breathing-a i r supply 
sys tem. 

(5) Installation of New In-cell Transfer Platen (K. H. Kinkade). 
All large i tems t r ans fe r r ed between the air and argon cells are moved by a 
78-in.-dia platen ca r r i ed by a car t on t racks in a runway between the two 
cel ls . The platen, after being hydraulically lifted into position, also serves 
as the bottom cover of the large t ransfer lock in the argon cell . The exist­
ing platen, which had been in operation since 196Z, was recently replaced. 
The new platen was instal led because it had an additional feature: a well 
approximately IZ in. in d iameter by 16 in. deep. This well will allow 
t ransfer of longer itenns (up to about 9-|ft long), such as subassembl ies , 
between the ce l l s . The seal on the new platen was leak- tes ted after instal­
lation and found acceptable . 
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Yields of F i s s i o n P r o d u c t s for S e v e r a l F i s s i o n a b l e Nuc l ides a t V a r i o u s 
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R. W. Hyndman , J . M. Al len ,* R. A. Ca l l , E . W. L a i r d , M. R. Tuck , 
and K. D. T u c k e r 
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A P r o t o t y p e Analog R e a c t i v i t y M e t e r for E B R - I I 
J . R. K a r v i n e n , R. W. Hyndman , R. A. Ca l l , and C. C. P r i c e 

ANL-7700 ( F e b 1971) 

F m e - S p e c t r a l I n t e r f a c e Effects of R e s o n a n c e S c a t t e r i n g upon the M u l t i g r o u p 
C r o s s Sec t ion A v e r a g i n g 

D. Meneghe t t i and K. E, P h i l l i p s 
J . Nucl . E n e r g y 24, 509-524 (1970) 

L o c a l Modif ica t ion of I r r a d i a t i o n Condi t ions 
L. B. M i l l e r and R. E. J a r k a 

A N L / E B R - 0 3 5 (Jan 1971) 

O r i g i n of F i s s i o n - p r o d u c t R e l e a s e s in E B R - I I , N o v e m b e r 23 , 1967, to 
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R. R. Smi th , E. R. E b e r s o i e , R. M. F r y e r , and P . B. Henau l t 
ANL-7604 (Dec 1970) 

•Division of Reactor Development and Technology, USAEC. 
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II. LMFBR DESIGN SUPPORT 

A. Core Component Test Loop (CCTL). 
R. A. Ja ross (02-026) 

The CCTL is operated, maintained, and modified to facilitate long-
t e r m tes ts of prototype F F T F fuel assembl ies and in -core instrumentat ion 
in sodium under conditions established by the F F T F and LMFBR P r o g r a m s . 
Technologies pert inent to sodium-loop operation (e.g., survei l lance of s o ­
dium and cover-gas quality, and m a t e r i a l compatibility, including the 
Type 304 loop s t ruc ture) a r e developed and improved concurrently. 

1. Operation of Loop to Test Second F F T F Subassembly. F . A. Smith 
(Last reported: ANL-7783, pp. 30-31, Feb 1971) 

As agreed with the F F T F Project staff, the CCTL was shut down on 
March 15 for i n t e r im examination and possible modification of the Mark-II 
fuel assembly . 

At the t ime of shutdown, the CCTL had accumulated 6287 hr of flow-
testing the Mark-II fuel assembly at 1100°F and -525 gpm. During this 
period, the total downtime was 15.8 hr, yielding an overal l facility operating 
factor of g r e a t e r than 99%. This reflects the fact that no significant m a l ­
function of e i ther the fuel assembly or the CCTL occurred throughout the 
flowtest. Based on the flow rate of 525 gpm, it is est imated that 26.6 mi l ­
lion cubic feet of sodium passed through the fuel assembly. 

After shutdown of the CCTL, the in-core ins t rument package a s s o ­
ciated with the fuel assembly was removed f irst and cleaned. On March 23, 
the fuel assembly was removed from the tes t vesse l , and is present ly being 
cleaned of a t r ace film of res idual sodium on the sur faces . Examination of 
the fuel assembly will be conducted by the F F T F Project staff at Hanford. 
Upon completion of the examination, the fuel assembly will be returned for 
resumption of the flowtest to complete the goal of 9000 hr . 

PUBLICATIONS 

Vibration of a Class of Nonconservative Systems with Time-Dependent 
Boundary Conditions 

S. S. Chen 
Shock Vib. Bull. 4T (Par t 7), 141-150 (Dec 1970) 

Turbulent Mixing and the Thermal Deflection of Fuel P i n s - - a Procedure 
with Application to the LMFBR 

T. Ginsberg 
Nucl. Eng. Design ^4, 191 (1970) 
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III. INSTRUMENTATION AND CONTROL 

A. Instrumentation Development for Instrumented 
Subassembly. T. P . Mulcahey (02-024) 

Instruments for in-core measurement of flow, fuel and coolant t em­
peratures , and fuel-pin p ressure are being developed consistent with r e ­
quirements defined by the EBR-II Instrumented Subassembly test program. 
Development encompasses instrument design, performance analysis , fabri­
cation, and tests leading to specifications and qual i ty-assurance procedures 
for procurement from commercial vendors. 

1. Fuel-pin Thermocouples. A. E. Knox 

a. In-pile Tests in EBR-II Instrumented Subassembly (Last 
reported: ANL-7705, p. 39, June 1970) 

Procedures for postirradiation examination of Fuel Center 
Thermocouples (FCTC) 1, 2, 7, and 17 have been prepared. These the rmo­
couples were irradiated in the Test XXOl EBR-II Instrumented Subassembly 
(ISA). 

FCTC 2 and 7 will be examined in conjunction with examinations 
by the Materials Science Division at Argonne. FCTC 1 and 17 will be ex­
amined at the EBR-II site. FCTC 1 will only be examinedmetallographically. 
Examinations of FCTC 2, 7, and 17 will include loop and insulation resis tance 
measurements and metallographic analysis. Equipment for the in-cel l elec­
t r ical examinations has been fabricated. 

A report on the design and construction of fuel center thermo­
couples for the Test XXOl ISA was initiated. 

B. F F T F Instrumentation Development. 
R. A. Jaross (02-025) 

Prototypes of permanent-magnet, eddy,current, and magnetometer 
probe-type flowsensors a re being designed, fabricated, and flowtested to 
establish detailed specifications and design for the F F T F permanent-magnet 
probe-type flowsensor, and to provide technical guidance to ensure compe­
tence in commercial fabrication of probe-type flowsensors. Supporting tests 
are conducted to determine long-term thermal effects on permanent-magnet 
materials of interest, and to study the effects of simulated fission-gas r e ­
lease on flowsensor response. 

Flowtests and certain supporting tests a re conducted in existing 
facilities (CCTL or CAMEL); new specialized facilities a re designed and 
constructed, as required. 
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1, Pe rmanen t -magne t Probe- type F lowsensor s . F . Verber (Last reported: 
ANL-7783, pp. 21-22, Feb 1971) 

Design of a 20-furnace sys tem for long- te rm tempera tu re - s tab i l i ty 
testing of Alnico VIII magnets for Type A-44 flowsensors is in p r o g r e s s . In 
operation, measuremen t s of magnetic field s t rength at t empera ture will be 
made, using buil t- in s e a r c h coils and an integrating fluxmeter to determine 
stabili ty or aging of the magnets . These measurements will indicate the 
combined s t ruc tu ra l , i r r e v e r s i b l e , and revers ib le t empera tu re effects as 
they "will occur in dynamic sodium sys t ems . A prototype electr ic furnace 
has been built and is undergoing test ing. 

Work has continued to adapt the permanent-magnet flowsensor to 
the dry- th imble concept with spr ing-loaded e lec t rodes . (See P r o g r e s s 
Report for December 1970, ANL-7765, Fig. I.C.2, p. 25.) A contact-
res i s tance tes t in an a i r - a tmosphe re furnace is in p r o g r e s s , using a test 
assembly consisting of two coiled pieces of 0.060-in.-dia Inconel welding 
rod inser ted into a l - in . -OD Type 304 stainless s tee l tube. 

Measurements at t empera tu res from 1000 to 1350°F show that the 
contact res i s tance has not exceeded 1.5 Q. 

2. Eddy-current Probe- type F lowsensors . J. Brewer (Last reported: 
ANL-7783, pp. 22-24, Feb 1971) 

On the date of CCTL shutdown (March 15, 1971), Eddy-current Probe 
No. 12 had completed 1117 hr of operat ion in sodium at 1100°F and ~525 gpm, 
or an average sodium velocity of 16.4 f t / sec ^n the annulus around the probe. 
The probe was removed from the CCTL on March 16, 1971. 

In ANL-7783, it was stated that although the sodium velocity was held 
constant at 16.4 f t / s ec , the flowsensor signal output increased during the 
first two days of operat ion, and thereaf ter remained stable. Therefore, be­
fore removal of Probe No. 12 from the CCTL, a se r i e s of tes ts was p e r ­
formed to aid in determining the cause of the inc rease in signal output. 

The resul t s of these t e s t s , when compared to data taken during the 
f irs t day of CCTL test ing, indicate that the balance was cor rec ted by: 
(1) decreas ing the CCTL flow rate to 2 f t / sec , (2) adjusting the balance 
controls (phase and amplitude) to lower the signal output to the co r rec t 
level (see Fig. I .C.I , ANL-7783, p. 22), (3) increas ing the flow to 16.4 f t / sec , 
(4) comparing the signal output with the original value, and (5) t r imming the 
balance controls as neces sa ry . 

The success of this cor rec t ion proves that the actual flow sensit ivity 
of the probe did not change during the first two days of CCTL testing: ra ther 
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the ba l ance did and n e v e r changed t h e r e a f t e r . F i g u r e I I I . l shows the da ta 
t aken on M a r c h 15 wi th the o r i g i n a l b a l a n c e se t t ing (Curve A) and wi th t he 

c o r r e c t e d b a l a n c e s e t t i ng ( C u r v e B). 

F u r t h e r s t a t i c t e s t s wi l l be 
p e r f o r m e d on P r o b e No. 12 to d e t e r ­
m i n e the c a u s e of the i n i t i a l shif t in 
b a l a n c e . 

3. M a g n e t o m e t e r P r o b e - t y p e 
F l o w s e n s o r s . D. E. Wiegand 
( L a s t r e p o r t e d : A N L - 7 7 8 3 , 
pp . 2 4 - 2 5 , F e b 1971) 

A p a r t i a l s h i p m e n t of l o c k - i n 
a m p l i f i e r equ ipmen t was r e c e i v e d 
and u s e d in d r y t e s t s of M a g n e t o m ­
e t e r F l o w s e n s o r No. 2 ( M F S - 2 ) . As 
expec ted , m a r k e d i m p r o v e m e n t s in 
f l o w s e n s o r p e r f o r m a n c e w e r e 
ach ieved . In p a r t i c u l a r , the b o t h e r ­
s o m e r e s i d u a l s i g n a l has b e e n e l i m ­

inated , and l i n e a r r e s p o n s e t h rough z e r o s i g n a l was ob ta ined wi thout o p e r a t i n g 
in an offset m o d e . (See P r o g r e s s R e p o r t for N o v e m b e r 1970, A N L - 7 7 5 8 , 
pp. 30-32.) This h a s ' r e f l e c t e d a l a r g e i n c r e a s e in f luxgate s e n s i t i v i t y . F o r 
e x a m p l e , a change in ambien t field of 50 g a m m a s (0.5 mG) gave a l a r g e d e ­
f lect ion of the i n s t r u m e n t m e t e r . F u r t h e r i n c r e a s e s in s e n s i t i v i t y w e r e 
p r even t ed by l imi t a t ions in the me thod used to b a l a n c e the a m b i e n t f ie ld, 
and the high m a g n e t i c - n o i s e l eve l in the l a b o r a t o r y . 

D e m o n s t r a t i o n of th i s s e n s i t i v i t y a t t e s t s that the p r o b l e m of s a t u r a ­
t ion of the fluxgate c o r e end r eg ions by the field m a g n e t s is not s e r i o u s . 
P o s s i b l e p a r a l y s i s of the s e n s o r had been env i s ioned , s i n c e the f luxgate is 
located in the n e u t r a l r eg ion be tween the m a g n e t s , but the f ield is z e r o only 
at the co re c e n t e r . 

Fig. III.l. 

AVERAGE SODIUM VELOCITY, f t / s e c 

Comparison of Eddy-current Probe No. 12 
Output Signals in the CCTL at 1055°F: 
(A) v*ith Original Balance Setting, and 
(B) with Corrected Balance Setting. 
Drive Current: 500 mA at 1000 Hz. 

T h e r m a l Stabi l i ty Tes t s on P e r m a n e n t M a g n e t s , 
r e p o r t e d : ANL-7776 , pp. 15-16, J a n 1971) 

G. A. F o r s t e r ( L a s t 

Table III . l l i s t s the a v e r a g e p e r c e n t a g e change in m a g n e t i c f ield 
s t r e n g t h of Alnico V and VIII m a g n e t s a m p l e s a f t e r 3200 h r in the ind iv idu ­
al ly heated, m u l t i s e c t i o n , h i g h - t e m p e r a t u r e oven . The v a l u e s a r e b a s e d on 
the a v e r a g e of five s a m p l e s for the spec i f ic t e m p e r a t u r e and L / D r a t i o 
shown. The m e a s u r e m e n t s w e r e m a d e a t r o o m t e m p e r a t u r e . 

In g e n e r a l , t h e r e is an a v e r a g e i n c r e a s e in field s t r e n g t h in t he 
range 9 0 0 - l I 0 0 ° F . This " r e c o v e r y effect" has b e e n noted p r e v i o u s l y and 
is p robab ly a function of the t e m p e r a t u r e u s e d in the s t a b i l i z a t i o n p r o c e d u r e . 
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No leveling off is apparent, especially at the highest t empera tu res ; here , 
rapid decreases continue. The maximum operating tempera tures would 
appear to lie between 1000 and 1100°F for the Alnico V magnets , and be­
tween 1100 and 1200°F for the Alnico VIII magnets . 

TABLE I I I . l . Thermal Stability of Alnico V and VIII Magnets 
at 70a-120Q°F 

Temp, 
°F 

700 

800 

900 

1000 

1100 

900 

1000 

HOC 

1200 

L/D 
Ratio 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

Avg change in Magnetic F 

818 hr 

- 3.2 
- 1.1 
+ 0.5 

- 1.3 
- 0.1 
0.0 

+ 2.8 
+ 1.8 
+ 3.2 

+13.6 
+ 6.1 
+ 7.5 

+ 3.2 
+ 0.5 
+ 3.5 

+ 6.1 
+ 5.1 
+ 4.4 

+14.6 
+ 8.5 
+ 7.7 

+17.0 
+11.7 
+ 7.8 

- 7.0 
-10.8 
- 6.4 

1500 hr 

Alnico V 

- 3.8 
- 1.1 
+ 0.5 

- 1.0 
+ 0.6 
+ 0.3 

+ 3.7 
+ 2.2 
+ 3.7 

+14.0 
+ 7.2 
+ 7.6 

- 4.9 
- 2.1 
+ 1.8 

1900 hr 

- 5.0 
- 1.1 
+ 0.3 

- 1.3 
- 0.1 
- 0.3 

+ 2.9 
+ 2.1 
+ 3.5 

+13.2 
+ 6.1 
+ 7.6 

-13.6 
- 4.9 
- 6.2 

Alnico VIII * 

+ 7.1 
+ 5.9 
+ 4.6 

+16.5 
+10.9 
+ 9.1 

+16.8 
+12.2 
+ 7.2 

-24.5 
-28.8 
-16.4 

+ 6.5 
+ 5.2 
+ 4.1 

+16.9 
+10.2 
+ 8.2 

+15.1 
+ 7.9 
+ 3.9 

-33.6 
-33.0 
-25.4 

ield Strength, % 

2600 hr 

- 5.2 
- 1.1 
+ 0.2 

- 1.9 
+ 0.3 
- 0.9 

+ 4.2 
+ 2.9 
+ 4.4 

+13.9 
+ 6.9 
+ 5.9 

-16.2 
- 7.6 
- 4.8 

+ 7.6 
+ 6.7 
+ 4.2 

+20.2 
+12.8 
+10.2 

+14.3 
+ 9.5 
+ 4.7 

-44.5 
-43.0 
-31.3 

3200 hr 

- 5.0 
- 0.5 
+ 1.7 

- 0.7 
+ 1.0 
+ 1.8 

+ 4.1 
+ 3.1 
+ 4.2 

+14.0 
+ 7.4 
+ 7.1 

-21.8 
-11.7 
- 5.4 

+ 8.2 
+ 7.5 
+ 5.2 

+21.9 
+14.5 
+11.8 

+13.5 
+ 8.7 
+ 4.2 

-53.3 
-48.3 
-36.3 

To more accurately predict the performance of a single sample 
exposed to these t empera tu res , knowledge of the s ta t is t ica l spread of data 
is necessa ry . Table III.2 presents an analysis of the data for the latest 
measu remen t s ; it includes the standard deviation (sigma), m.aximum and 
rninimum change, and maximum deviation from the average change. Also 
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included are instrumentation and operator e r r o r s ; an estimate of these is 
available from the reference magnet readings taken at the same t ime. For 
example, if the reference magnets are assumed 100% stable, an analysis of 
the data yields a standard deviation of 0.9%. Therefore, much of the sca t ter 
in data for the lower temperatures could be caused by measurement e r r o r s . 
At the higher temperatures ( l lOCF for Alnico V and I200°F for Alnico VIII), 
where there is rapid decay of magnetic strength, the standard deviation is 
definitely greater than measurement e r r o r s . 

TABLE III.2. Data Spread for Alnico V and VIII Magnets 
after 3200 hr at 700-1200°F 

Temp, 
°F 

700 

800 

900 

1000 

1100 

900 

1000 

HOC 

1200 

L/D 
Ratio 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

Avg 

- 5.0 
- 0.5 
+ 1.7 

- 0.7 
+ 1.0 
+ 1.8 

+ 4.0 
+ 3 .1 
+ 4.2 

+14.0 
+ 7.4 
+ 7 .1 

-21 .8 
-11 .7 
- 5.4 

+ 8.2 
+ 7.5 
+ 3.2 

+21.9 
+14.5 
+11.8 

+13.5 
+ 8.7 
+ 4.2 

-53 .3 
-48 .3 
-36 .3 

Sigma 

Alnl 

1.1 
1.4 
0.7 

0.4 
1.1 
1.2 

1.3 
0.8 
0.6 

0.9 
0.7 
1.3 

9.1 
9.7 
2.4 

% Change 

Max 

CO V 

- 6.7 
- 4 .2 
+ 3.1 

- 1.3 
+ 2.6 
+ 3.0 

+ 6.8 
+ 4.4 
+ 5.3 

+15.9 
+ 8.2 
+ 9.6 

-34.7 
-27 .8 
- 8.5 

Alnico VIII 

1.5 
0.8 
1.5 

4 .3 
1.2 
1.0 

1.1 
2.6 
0.9 

6.4 
3.3 
2.7 

+11.6 
+ 9.1 
+ 6.9 

+30.8 
+17.3 
+13.0 

+15.7 
+11.3 
+ 5.3 

-61 .5 
- 5 2 . 9 
-40 .5 

Min 

- 3.4 
+ 0 .3 
- 0.9 

0 .0 
- 1.1 
+ 0.8 

+ 3 .1 
+ 1.6 
+ 3 .1 

+12.5 
+ 6.4 
+ 5.6 

-12 .7 
- 3.0 
- 1.5 

+ 6.4 
+ 6.2 
+ 1.6 

+17.2 
+13.1 
+ 9.6 

+12.3 
+ 3.6 
+ 3.0 

-42 .9 
-43 .9 
-33 .0 

Max Dev 
from Avg 

1.7 
3.7 
1.4 

0.7 
2 .1 
2.8 

2.8 
1.5 
1.1 

1.9 
1.0 
2 .5 

12.9 
16 .1 

3.9 

3.4 
1.6 
3.6 

8.9 
2 .8 
2.2 

2.2 
5 .1 
1.2 

10.4 
4 .6 
4 .2 
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C. Advanced Technology Instrument Development. 
T. P . Mulcahey (02-096) 

1. Boiling Detector. T. T. Anderson 

a. Acoustic Method 

(1) I r radia t ion and Resis tance Tests on Piezoelec t r ic and 
Insulator Mater ia l s . T. T. Anderson (Last reported: ANL-7776, p. 81, 
Jan 1971). I r radiat ions of li thium niobate by 2-MeV Van de Graaff electrons 
and by °Co gamma rays (using ANL Chemistry Division facilities) have 
shown that lithium niobate has radiation stability comparable to close-packed 
oxides such as sapphi re . However, exposure to neutrons is expected to r e ­
sult in a segregat ion of gas \vithin the lithium niobate c rys ta l s t ruc ture from 
the nuclear react ion 

I r radia t ion to destruct ion in a nuclear reactor would be 
lengthy; on the other hand, resul ts from a study on gas segregation may be 
indicative of what might occur . Therefore , it was proposed that the exper i ­
ence and techniques developed by P r imak and Luthra* for studying radiation 
bl is ter ing from gas injection be applied to compare the behavior of lithium 
niobate to previously studied m a t e r i a l s , and from this make an est imate of 
possible effects of gas buildup from the 'Li(n, (x)T reaction. Polished disks 
of lithium niobate and sapphire were bombarded with 140-keV H"*", D+, and 
He"*" ions produced by the ChemistryDivisionCockcroft-Walton acce le ra to r . 

Bl is ters and exfoliated a reas formed on the lithium niobate 
and the sapphire in a manner s imi l a r to that reported by P r imak and Luthra 
for magnes ium oxide, sapphire , and spinel . In their s tudies , specimens with 
10% of the gas load normal ly required to cause bl is tering developed exfoliated 
a reas after heating to 900°C. Therefore , for engineering purposes , a 10% 
factor was used to es t imate that an accumulated gas load of less than 6 x 
10^° a t o m s / c c in lithium niobate may prevent bl is ter ing at elevated t em­
p e r a t u r e s . F o r example, since this amount of gas corresponds to fissioning 
of 20% of ^Li in natural lithium, the equivalent gas load might be reduced a 
factor of 4 or 5 by depletion of 'L i relat ive to the more abundant 'Li isotope. 

F u r t h e r studies on radiation effects a r e in p r o g r e s s . The 
feasibil i ty of using the ANL Cyclotron for acce lera ted radiat ion-damage 
test ing of lithium niobate is being evaluated. 

*W. L. Primak and J. Luthra, Radiation Blistering: Interferometric and Microscopic Observations of Oxides, 
Silicon, and Metals, J. Appl. Phys. 37(6), 2287-2294 (1966). 

file:///vithin
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(2) Development of High-temperature Detector. A. P . Gavin 
(Last reported: ANL-7783, p. 76, Feb 1971). Five sensors have been con­
structed, using 36° Y-cut lithium niobate crys ta ls , platinum foil e lect rodes , 
stainless steel housings, and 3-ft lengths of aluminum-oxide insulated, 
l / s - in . -OD stainless steel-clad coaxial cable with a s tainless s teel conduc­
tor. Three of these sensors , each backfilled with oxygen at 150 mm Hg, 
were cycled to 1200°F in a furnace test facility. 

Each sensor showed good reproducibility of both res is tance 
and output signal. The measured resis tance approximated that calculated 
for the crysta ls , using available data for resist ivi ty of lithium niobate. How­
ever, the output signal, measured with a voltage amplifier, decreased rapidly 
as the resistance decreased with increasing tempera ture . It is anticipated 
that a new charge amplifier, designed for use with low-resis tance units, will 
alleviate this problem. 

A procedure has been developed for sealing the l /8- in . -OD 
vent tube employed on all sensors being evaluated. After the character is t ics 
of the five units a re established, tests will be initiated on units sealed with 
an internal atmosphere of oxygen at 150 mm Hg abs at room tempera ture . 

(3) Tests of High-temperature Detectors in Water, Furnace , 
and Sodium. A. P. Gavin (Last reported: ANL-7783, p. 76, Feb 1971). 
A programmable control system has been obtained for the furnace cal ibra­
tion facility. In operation, the system will permit unattended cycling of high-
temperature detectors from room temperature to 1200°F in 8 hr, and then 
back to room temperature over an equal time span. During the 16-hr cycle, 
an automatic plot is made of the sensor response and of the reference ac -
celerometer output as a function of furnace tempera ture . The automatic 
features of this system will facilitate evaluations for longer continuous 
periods at reproducible cycling conditions. 

(4) Development of Acoustic Waveguides. T. T. Anderson 
(Not previously reported). A real - t ime spectrum analyzer and a digital 
c ross -cor re la to r have been employed in conjunction with acce lerometers 
mounted on the Core Component Test Loop (CCTL) to determine if t r a n s ­
mission of acoustic-range vibration signals along loop s t ructures could be 
detected by these methods. There was no apparent c ross -cor re la t ion for 
accelerometers located at the top and bottom of the test vesse l during loop 
operation. Slight correlations were observed for vibration signals from 
adjacent locations on the sodium pump housing. These observations indicate 
that interference may be occurring as a result of multiple acoustic paths and 
reflections. Further studies with the cor re la tor will be deferred until the 
unit is modified to minimize the possibility of input overload. 

Spectra obtained with the rea l - t ime analyzer were compa­
rable to those obtained with a sweep-frequency analyzer; however, the am­
plitude range of the spectrum averager was insufficient for quantitative 
studies. The analyzer, which was rented for the stu 
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Prepara t ions a r e being made to evaluate acoustic wave­
guides which would simulate F F T F ins t rument guide tubes and the acoustic 
t r ansmis s ion path to an acce le romete r mounted in the Test XX03 EBR-II 
Instrumented Subassembly. One 20-ft-long tubular waveguide has been 
fabricated; a solid waveguide is in fabrication. A catwalk has been con­
s t ructed around a large (5.5-ft-dia x 11-ft-deep) water-f i l led vesse l to 
facilitate handling long waveguides that extend down into the water . 

2. Flow Monitor. T. T. Anderson 

a. Two-thermocouple Method. A. E. Knox 

(1) Tempera ture Variations of Coolant Sodium at Outlet of the 
EBR-II Instrumented Subassembly (Last reported: ANL-7705, pp. 154-155, 
June 1970). The resul ts of spec t rum analyses of thermocouple output from 
the Test XXOl Instrumented Subassembly (ISA) have been prepared for 
limited distr ibution.* A procedure outlining the data to be obtained from 
the Test XX02 ISA has been prepared . 

D. Plant Dynamics and Control Analysis. 
W. C. Lipinski, RAS (02-528) 

1. Simulation of Simplified Plant Model on Hybrid Computer (Last reported: 
ANL-7783, p. 30, Feb 1971) 

Simulations of various plant control lers a r e being added to the hybrid-
computer s imulat ion of a complete LMFBR plant. These control simulations 
a r e to be used in the analysis of proposed methods of t r im control about a 
fixed load demand. 

PUBLICATIONS 

High-Tempera tu re Acoustic Sensors for Boiling Detection 
A. P . Gavin and T. T. Anderson 

IEEE Trans . Nucl. Sci. NS-18(1) (Par t I), 340-344 (Feb 1971) 

Studies of F i s s ion -gas Disengagement and Transpor t Phenomena for 
F F T F Fue l - fa i lu re Detection 

E. S. Sowa, F . Verber , and G. T. Goldfuss 
ANL-7774 (Jan 1971) 

•A. E. Knox and C. W. Michels, Coolant Temperature Variations in the EBR-II XXOl Subassembly, ANL/ETD-
71-02 (Jan 25, 1971). ' 
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IV. SODIUM T E C H N O L O G Y 

A. Mon i to r ing and Sampl ing S y s t e m s D e v e l o p m e n t 
and R e a c t o r P r o o f - t e s t (02 -021) 

A r g o n n e has b e e n g iven the r e s p o n s i b i l i t y of i m p l e m e n t i n g a n a t i o n a l 
m e t e r p r o g r a m for deve lop ing , t e s t i n g , and e s t a b l i s h i n g c o m m e r c i a l a v a i l ­
abi l i ty of m e t e r s for u s e in the s o d i u m s y s t e m s of F F T F and L M F B R ' s . The 
m e t e r s to be deve loped and c h a r a c t e r i z e d in th i s p r o g r a m a r e m o n i t o r s for 
oxygen, c a r b o n , and h y d r o g e n and a l eak d e t e c t o r for s t e a m g e n e r a t o r s . 
M e t e r m o d u l e s tha t p r o v i d e flow and t e m p e r a t u r e c o n t r o l a r e be ing d e v e l o p e d 
for F F T F . T h e s e m o d u l e s wi l l be t e s t e d a t E B R - I I . 

1. Oxygen M e t e r . J . T. H o l m e s , J . M. M c K e e , and V. M. Kolba ( L a s t 
r e p o r t e d : A N L - 7 7 6 5 , pp. 29 -30 , Dec 1970) 

A p r o g r a m has b e e n e s t a b l i s h e d tha t is e x p e c t e d to r e s u l t in the 
c o m m e r c i a l a v a i l a b i l i t y of i m p r o v e d e l e c t r o c h e m i c a l oxygen m e t e r s by 
Ju ly 1971. ANL is c o o r d i n a t i n g effor ts to p r o d u c e i m p r o v e d s o l i d -
e l e c t r o l y t e tubes ( i s o s t a t i c a l l y p r e s s e d t h o r i a - 7 . 5 wt % y t t r i a ) a t WADCO 
and Z i r c o a ( Z i r c o n i u m C o m p a n y of A m e r i c a ) and to e v a l u a t e the m a t e r i a l 
by p e r f o r m a n c e t e s t s in s o d i u m at W e s t i n g h o u s e and B r o o k h a v e n N a t i o n a l 
L a b o r a t o r y ( B N L ) . The w o r k is showing e n c o u r a g i n g r e s u l t s : Two c e l l s 
wi th e l e c t r o l y t e tubes p r o d u c e d at WADCO have b e e n o p e r a t e d for m o r e than 
1000 h r at 370-485°C. 

A p u m p e d - s o d i u m a p p a r a t u s has been c o n s t r u c t e d to p r o o f - t e s t up 
to four oxygen m e t e r s , and o p e r a t i o n of the a p p a r a t u s has begun . 

A p p a r a t u s is be ing d e s i g n e d to p r o v i d e for an ex t ended c h a r a c t e r i z a ­
t ion of the p e r f o r m a n c e of 10 s t a n d a r d oxygen m e t e r s . T h e s e wi l l be i n s t a l l e d 
in a p u m p e d - s o d i u m s y s t e m in s e r i e s wi th a s p e c i m e n - e q u i l i b r a t i o n m o d u l e , 
which wi l l be used to c a l i b r a t e t he oxygen m e t e r s by the v a n a d i u m - w i r e 
e q u i l i b r a t i o n m e t h o d , * and wi th a cold t r a p to c o n t r o l t he oxygen con ten t of 
the s o d i u m . In i t i a l c a l i b r a t i o n s a t 430°C and at oxygen l e v e l s f r o m <1 to 
15 p p m wil l be r e p e a t e d a f t e r t h r e e mon ths of con t inuous o p e r a t i o n . Tes t i ng 
wi l l cont inue for at l e a s t a y e a r u n d e r condi t ions d e t e r m i n e d by r e s u l t s of 
the t h r e e - m o n t h t e s t s . 

P r e p a r a t i o n s have cont inued for a t e s t a t E B R - I I to d e t e r m i n e t he 
effect of r a d i a t i o n on the oxygen m e t e r . The m e t e r to be t e s t e d was supp l i ed 
by Wes t inghouse and has an e l e c t r o l y t e tube p r o d u c e d a t WADCO by i s o s t a t i c 
p r e s s i n g . A unit tha t inc ludes the m e t e r , a h e a t e r , t h e r m o c o u p l e s , and the 
a u x i l i a r y piping for i n s t a l l a t i o n has been a s s e m b l e d and the uni t has b e e n 
sh ipped to E B R - I I . 

*Sodium Technology Quarterly Repon: January, Febmary, March 1970, ANL/ST-2, pp. 2-4 (July 1970). 



55 

2. Hydrogen Meter . J. T. Holmes and D. R. Vissers (Last reported: 
ANL-7765, p. 30, Dec 1970) 

Development work is being continued on an equilibrium-type hydrogen-
activity m e t e r having a direct p r e s su re readout of the equilibrium hydrogen 
p r e s s u r e above the sodium.* A capacitance manometer has been evaluated 
for possible use as a p r e s s u r e gauge for the mete r . A Varian Mill i torr 
ionization gauge was also tested previously for this application (see ANL-
7765). The tests of the capacitance naanometer have shown that when the 
device is carefully operated, the hydrogen contents derived fronn the m e a s ­
ured p r e s s u r e s agree well with results of gas-chromatographic analyses . 
However, the capacitance nnanometer is sensitive to vibration and tennpera-
ture fluctuations, a disadvantage that may prevent its use as a component of 
the hydrogen nneter, except in laboratory applications. 

The response of the hydrogen-activity mete r to changes in hydrogen 
concentration was tested at a lower tempera ture (372°C} than had been p r e ­
viously used in me te r operation ('^500°C), This information is needed because 
it may be necessa ry to operate the hydrogen mete r at the lower tempera ture 
in the oxygen-hydrogen me te r modules. In the recent t e s t s , the capacitance 
manometer \vas used as the p res su re - sens ing device. The time required for 
the me te r to respond to a step change in the hydrogen level of the sodium was 
40-60 min at 372°C as compared with 10-20 min at 500°C. The response time 
at 372°C should be adequate for reactor applications. 

Low-level gamma-radia t ion studies with Co indicated that neither 
the capacitance manometer nor the Varian Mil l i torr p ressu re - sens ing device 
is affected by an exposure of ~15 min to low-^evel gamma radiation (surface 
dosage ra te , -200 R/hr ) . Tests at higher radiation levels a re planned. 

Nickel bellows-shaped nnembranes are currently being evaluated for 
applications in which the membranes will be subjected to high p r e s s u r e s . 
Tests of membranes produced by an electrodeposition process showed that 
the membranes developed smal l b l i s ters during hydrogen annealing. More­
over, tests in sodium indicated that these membranes do not diffuse hydro­
gen adequately. Electrodeposited membranes will not, therefore, be 
considered further. Bellows-shaped nnembranes formed both from tube 
and sheet nickel a r e being obtained for evaluation. 

3. Carbon Meter. J. T. Holmes and C. Luner (Last reported: ANL-7765, 
p. 31, Dec 1970) 

The me te r being given p r imary consideration for the carbon-meter 
module is a modification of the United Nuclear Corporation (UNC) diffusion 
me te r . Studies are being car r ied out at various operating conditions to 

• Sodium Technology Quarterly Report: July, August. September 1970. ANL/ST-4, pp. 12-13 (Dec 1970). 
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op t imize the r e s p o n s e of the c a r b o n m e t e r at low c a r b o n l e v e l s . T h e s e 
s tud ies wi l l a l so p rov ide a c o m p a r i s o n of the r e s p o n s e of the UNC c a r b o n 
p robe ( s t a i n l e s s s t e e l hous ing) wi th tha t of the A N L - m o d i f i e d p r o b e , wh ich 
has a naolybdenum l i ne r in the h i g h - t e m p e r a t u r e hous ing and in w h i c h a l l 
hot s u r f a c e s in con tac t wi th c o l l e c t e d c a r b o n - b e a r i n g g a s e s a r e c o p p e r " 
p la ted . 

The effects of s o d i u m flow, p r o b e t e m p e r a t u r e , w a t e r con ten t of 
d e c a r b u r i z i n g g a s , and g a m m a r a d i a t i o n on the c a r b o n flux t h r o u g h the 
m e m b r a n e a r e being i n v e s t i g a t e d . A t h r ee fo ld i n c r e a s e in the s o d i u m flow 
(0.02 to 0.06 gpm) p r o d u c e d a s m a l l (10-15%) i n c r e a s e in t he flux of the 
ANL v e r s i o n of the m e t e r ; s i m i l a r flow effects had been noted e a r l i e r wi th 
the UNC m e t e r . An i n c r e a s e in t e m p e r a t u r e p r o d u c e d a s m a l l i n c r e a s e in 
the c a r b o n flux of both m e t e r s . An i n c r e a s e in the w a t e r con ten t of the 
d e c a r b u r i z i n g gas i n c r e a s e d the c a r b o n flux of both m e t e r s s i gn i f i c an t l y . 

The g a m m a r a d i a t i o n to which the c a r b o n p r o b e wi l l be e x p o s e d 
dur ing r e a c t o r o p e r a t i o n is not expec ted to affect the s t r u c t u r a l c o m p o n e n t s 
m a r k e d l y . However , r a d i a t i o n - i n d u c e d r e a c t i o n s of the g a s e s in the p r o b e 
(CO and H2O) could affect the c a r b o n flux. To t e s t th i s p o s s i b i l i t y , the 
o p e r a t i n g UNC probe was exposed to l o w - l e v e l g a m m a r a d i a t i o n f r o m a 

Co s o u r c e ( 2 0 - m i n e x p o s u r e at a s u r f a c e dose r a t e of 89 R / h r ) . This 
r ad i a t i on leve l had no effect on the c a r b o n flux. E x p o s u r e s a t h i g h e r 
r a d i a t i o n leve ls a r e p lanned. 

4. M e t e r Modules for F F T F . J. T. H o l m e s , V. M. Kolba, and J. M. McKee 
(Las t r e p o r t e d : ANL-7765 , pp. 29-30, Dec 1970) 

The objec t ive of th is work is to des ign , p r o o f - t e s t , and e s t a b l i s h 
c o m m e r c i a l ava i l ab i l i ty for on - l i ne m e t e r modu le s to be i n s t a l l e d at F F T F . 
These modu le s inc lude flow and t e m p e r a t u r e c o n t r o l s as we l l as the m e t e r s 
for m o n i t o r i n g i m p u r i t i e s . 

a. Oxygen-Hydrogen M e t e r Module 

A de ta i l ed des ign* has been comple t ed for an o n - l i n e m o n i t o r i n g 
modu le conta ining two oxygen m e t e r s and one h y d r o g e n m e t e r and the a s s o ­
c ia ted h a r d w a r e and e l e c t r o n i c s . C o m m e n t s f r o m E B R - I I and F F T F on the 
concep tua l des ign have been i n c o r p o r a t e d in the de t a i l ed d e s i g n . P r o c u r e ­
m e n t of m a t e r i a l s , equ ipment , and e l e c t r o n i c c o m p o n e n t s has been in i t i a t ed 
Two modu le s wil l be bui l t . The f i r s t modu le to be c o m p l e t e d wi l l be t e s t e d 
on a pumped loop at ANL-I l l ino i s to e s t a b l i s h the p e r f o r m a n c e of the i n s t r u ­
m e n t a t i o n for con t ro l of t e m p e r a t u r e and flow. The s e c o n d m o d u l e wi l l be 
in s t a l l ed and p r o o f - t e s t e d at EBR- I I . 

•Electncal design work is being done by M. A. Slawecki, Chemical Engineering Division; mechanical and 
stractuial design woik. by E. C. Filewicz, EBR-II Project. 
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b . C a r b o n - n n e t e r and S p e c i m e n - e q u i l i b r a t i o n M o d u l e 

A d e t a i l e d d e s i g n * h a s b e e n c o m p l e t e d for an o n - l i n e c a r b o n -
m e t e r m o d u l e . By s u b s t i t u t i o n of a s p e c i m e n h o l d e r fo r t h e c a r b o n - m e t e r 
p r o b e , t h i s un i t c a n a l s o s e r v e fo r e q u i l i b r a t i n g m e t a l s p e c i m e n s to b e 
u s e d in c a l i b r a t i o n of t h e o x y g e n and c a r b o n m e t e r s . F a b r i c a t i o n of two 
m o d u l e s h a s b e e n s t a r t e d . One m o d u l e w i l l be t e s t e d at A N L - I l l i n o i s ; t h e 
o t h e r w i l l be i n s t a l l e d a n d p r o o f - t e s t e d a t E B R - I I . 

5. D e t e c t i o n of L e a k s in S t e a m G e n e r a t o r s , ( j . T. H o l m e s , D . R. V i s s e r s , 
and C. C. M c P h e e t e r s ( L a s t r e p o r t e d : A N L - 7 7 6 5 , p . 3 1 , D e c 1970) 

T h e w o r k in t h i s p r o g r a m i n v o l v e s the e v a l u a t i o n of r e q u i r e m e n t s 
fo r a l e a k d e t e c t o r f o r L M F B R s t e a m g e n e r a t o r s and t h e d e v e l o p m e n t and 
p r o o f - t e s t i n g of a d e t e c t i o n s y s t e m to m e e t t h e s e n e e d s . A d i f f u s i o n - t y p e 
h y d r o g e n m o n i t o r i s b e i n g d e v e l o p e d a t A N L . T h i s m o n i t o r a p p e a r s to h a v e 
a c a p a b i l i t y of d e t e c t i n g a 4% c h a n g e i n t h e h y d r o g e n l e v e l a t a c o n c e n t r a t i o n 
of 0.1 p p m h y d r o g e n i n sodium. . T h i s i s w e l l a b o v e t h e s e n s i t i v i t y r e q u i r e d 
for d e t e c t i n g w a t e r i n l e a k a g e t h a t would l ead to r a p i d p e r f o r a t i o n of a d j a c e n t 
t u b e s i n a l a r g e g e n e r a t o r (10^ lb s o d i u m / h r ) . 

T h e i o n - c u r r e n t s t a b i l i t y of a s p e c i a l ion p u m p h a s b e e n e v a l u a t e d 
to d e t e r m i n e i t s p o t e n t i a l a s t h e d e t e c t o r c o m p o n e n t of t h e h y d r o g e n - m e t e r 
l e a k d e t e c t o r . T h e p u m p i s s p e c i a l l y d e s i g n e d to p u m p h y d r o g e n and s h o u l d 
t h e r e f o r e p o s s e s s a l o n g e r p u m p i n g l ife t h a n a s t a n d a r d p u m p . T h e r e s u l t s 
of t h e s t u d i e s w i t h t h e s p e c i a l i on p u m p ( p u m p i n g s p e e d , 20 l i t e r s / s e c ) 
i n d i c a t e d a s t a b i l i t y of ± 0 . 5 3 % , a s c o m p a r e d w i t h ±0 .06% for t h e D - I i on 
p u m p ( p u m p i n g s p e e d , 11 l i t e r s / s e c ) p r e s e n t l y b e i n g u s e d . T h e l a r g e r 
d e v i a t i o n fo r t h e s p e c i a l p u m p is t h o u g h t to r e s u l t fronri i t s l a r g e r s i z e . 
S p e c i a l h y d r o g e n p u m p s h a v i n g p u m p i n g s p e e d s of 11 l i t e r s / s e c a r e now 
a v a i l a b l e , and t h e s e w i l l b e s i m i l a r l y t e s t e d fo r s t a b i l i t y . 

A N L h a s a g r e e d to s u p p l y a h y d r o g e n - m e t e r l e a k d e t e c t o r to t h e 
L i q u i d M e t a l E n g i n e e r i n g C e n t e r ( L M E C ) by A p r i l 1, 1971 ; t h e l e a k 
d e t e c t o r w i l l b e u s e d on t h e S o d i u m C o m p o n e n t s T e s t I n s t a l l a t i o n (SCTI) 
a t L M E C . T h e d e t e c t o r d e s i g n h a s b e e n a p p r o v e d by L M E C , and t h e un i t 
is b e i n g f a b r i c a t e d . T h e l e a k - d e t e c t o r a l a r m s y s t e m h a s b e e n d e s i g n e d 
and o r d e r e d . O r d e r s h a v e b e e n p l a c e d fo r a l l of t h e i n s t r u m e n t a t i o n , and 
the p r o j e c t a p p e a r s to b e on s c h e d u l e . 

•Ibid., see previous page. 
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B. Sodium Impurity Analysis and Control (02-156) 

1. Establishment and Operation of a Sampling and Analytical Standards 
Program. R. J. Meyer, F . A. Cafasso, M. H. Barsky, H. S. Edwards, 
S. B. Skladzien, M. D. Adams, and M. F . Roche (Last reported: 
ANL-7765, p. 63, Dec 1970) 

Argonne has the responsibility of certifying sampling and analytical 
methods for use throughout the sodium-technology program. The short -
range goal is a set of interim standard methods, selected from existing 
technology, which will be uniformly applied at all sites participating in the 
program. To this end, an Analytical Standards Laboratory has been es tab­
lished, whose function is to manage the analytical standards program, as 
well as to participate in it. 

With the aid of an advisory group representing both reactor and non-
reactor laboratories, ANL has established a set of inter im sampling and 
analytical methods. Procedural details of these methods have been incor­
porated into a manual titled Interim Methods for the Analysis of Sodium and 
Cover Gas, to be published as ANL/ST-6. Prepublication copies of the 
manual have been distributed to all laboratories participating in the ana­
lytical standards program. 

Samples of EBR-II pr imary and secondary sodium to be used in a 
sample interchange program among the reactor laboratories were taken by 
EBR-II personnel, and these have been sent to each participant. Analyses 
will be performed for hydrogen, carbon, oxygen, and t race metals . Plans 
have been made for future interchange programs, which will also include 
the nonreactor laboratories. 

ANL has been given the responsibility for generating purity specifi­
cations for sodium systems. The RDT standard for sodium purchase spec­
ifications (RDT M13-IT) is being revised. A meeting was held recently with 
representatives from E. I. duPont de Nemours, a major supplier of sodium, 
to obtain information on sodium production. This information will be useful 
in producing the new purity specifications. Meetings are also planned with 
Ethyl Corp. and U. S. Industrial Chemicals Co. 

Preparations a re being made to perform a set of experiments to 
determine the effect of line length on the t race- impur i ty content of sodium 
samples. In these experiments, a sudden increase in impurity content will 
be produced at one end of a 100-ft-long section of tubing in a bypass loop. 
The magnitude of the change in concentration at both ends of the bypass loop 
will be measured, as will the time required for detecting the change. Initial 
experiments will be with oxygen as an added impurity. Modification of an 
existing loop is complete. 
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A p r e l i m i n a r y d e s i g n of a n o v e r f l o w s a m p l e r fo r u s e in t h e r e m o t e 
s a m p l i n g f a c i l i t y a t F F T F i s c o n n p l e t e . F a b r i c a t i o n w i l l b e g i n a f t e r F F T F 
c o m m e n t s on t h e d e s i g n and t h e o p e r a t i o n a l p r o c e d u r e a r e r e c e i v e d . 

A s t a n d a r d p r o c e d u r e fo r the a n a l y s i s of p a r t i c u l a t e s in s o d i u m i s 
n e e d e d . A p r i m a r y c o n c e r n i s t h e r e c o v e r y of the p a r t i c u l a t e m a t t e r f r o m 
s o d i u m in a n u n c h a n g e d f o r m . S e p a r a t i o n s f r o m s o d i u m i n v o l v i n g d i s t i l l a t i o n , 
d i s s o l u t i o n in m e r c u r y , and d i s s o l u t i o n in l i qu id a m m o n i a a r e b e i n g i n v e s t i ­
g a t e d . T h e s u i t a b i l i t y of a c o m m e r c i a l l y a v a i l a b l e f i l t e r a s s e m b l y fo r c o l ­
l e c t i n g p a r t i c u l a t e s i s a l s o b e i n g e x a m i n e d . 

2. C h a r a c t e r i z a t i o n of I m p u r i t y M e t e r s and M e t e r R e s p o n s e to I m p u r i t y 
S p e c i e s . J . T. H o l m e s and C. C. M c P h e e t e r s ( L a s t r e p o r t e d : A N L - 7 7 6 5 , 
p . 64, D e c 1970) 

T h e p r i m a r y g o a l of t h i s w o r k i s to d e t e r m i n e t h e effect of i m p u r i t y 
s p e c i e s on t h e r e s p o n s e of o x y g e n and h y d r o g e n m e t e r s . T h e r e l a t i o n s h i p 
b e t w e e n t h e m e t e r r e a d i n g s a n d t h e t o t a l d i s s o l v e d i m p u r i t y c o n c e n t r a t i o n s 
w i l l b e d e t e r m i n e d a s a f unc t i on of o x y g e n - t o - h y d r o g e n r a t i o s w i t h on ly 
d i s s o l v e d o x y g e n and h y d r o g e n p r e s e n t and a l s o w i t h o t h e r o x y g e n - and 
h y d r o g e n - b e a r i n g s p e c i e s p r e s e n t . E x p e r i m e n t a l w o r k w i l l be c a r r i e d o n 
in a p u m p e d - s o d i u m a p p a r a t u s ( A p p a r a t u s fo r M o n i t o r i n g and P u r i f y i n g 
S o d i u m , A M P S ) t h a t w i l l p r o v i d e s t a b l e bu t a d j u s t a b l e i m p u r i t y l e v e l s i n 
the s o d i u m fed to t h e t e s t s e c t i o n . 

C u r r e n t w o r k is d i r e c t e d p r i m a r i l y t o w a r d t h e d e s i g n of A M P S , 
w h i c h i s s c h e d u l e d fo r c o m p l e t i o n by N o v e m b e r 1, 1 9 7 1 . W o r k on t h e 
c o n c e p t u a l d e s i g n * h a s b e e n c o m p l e t e d and p r e l i m i n a r y s p e c i f i c a t i o n s f o r 
f a b r i c a t i o n of v e s s e l s h a v e b e e n p r e p a r e d . Tfie p ip ing and e q u i p m e n t l a y o u t 
i s e s s e n t i a l l y c o m p l e t e , a s t r e s s a n a l y s i s h a s b e e n p e r f o r m e d , and d e t a i l e d 
d e s i g n i s b e i n g s t a r t e d . 

C. N o n m e t a l l i c I m p u r i t y I n t e r a c t i o n s in S o d i u m - M e t a l S y s t e m s ( 0 2 - 1 3 7 ) 

1. D e v e l o p m e n t of E q u i l i b r a t i o n M e t h o d s fo r D e t e r m i n i n g t h e A c t i v i t y of 
N o n m e t a l l i c I m p u r i t i e s in S o d i u m . T. F . K a s s n e r and D. L . S m i t h 
( L a s t r e p o r t e d : A N L - 7 7 0 5 , p p . 5 1 - 5 2 , J u n e 1970) 

T h e p u r p o s e of t h i s w o r k i s to d e v e l o p m e t h o d s for a c c u r a t e l y m e a s ­
u r i n g t h e a c t i v i t y of n o n m e t a l l i c e l e m e n t s ( e . g . , O, C, N, and H) i n s o d i u m a t 
t h e low c o n c e n t r a t i o n s of i n t e r e s t f o r L M F B R a p p l i c a t i o n s . 

A p r o c e d u r e fo r d e t e r m i n i n g t h e o x y g e n a c t i v i t y i n l i qu id s o d i u m by 
t h e v a n a d i u m - w i r e e q u i l i b r a t i o n m e t h o d h a s b e e n d e v e l o p e d * * and t h e 

•Design work is being done by personnel of the Engineering and Technology Division. 
**D. L. Smith, An Equilibration Method for Measuring Low Oxygen Activities in Liquid Sodium, to be published 

in Nucl. Appl. Technol. (May 1971). 
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n e c e s s a r y d i s t r i b u t i o n - c o e f f i c i e n t da ta o b t a i n e d . * The p r e s e n t effor t in t h i s 
a r e a is d i r e c t e d t o w a r d (1) s t a n d a r d i z a t i o n and c h a r a c t e r i z a t i o n o f t he m e t h o d 
and (2) c o m p a r i s o n of t he r e s u l t s wi th o t h e r m e t h o d s of oxygen a n a l y s i s . 
Add i t iona l 4 - h r e x p o s u r e s of v a n a d i u m w i r e to l iquid s o d i u m of known o x y ­
gen c o n c e n t r a t i o n s a t 750°C have b e e n m a d e to e s t a b l i s h the p r e c i s i o n of 
the m e t h o d . 

R e s u l t s of v a n a d i u m - w i r e e q u i l i b r a t i o n s w e r e c o m p a r e d wi th r e s u l t s 
ob ta ined f r o m four UNC e l e c t r o c h e m i c a l ojcygen m e t e r s u s e d c o n s e c u t i v e l y 
on a p u m p e d - s o d i u m s y s t e m . T h r e e i m p o r t a n t c h a r a c t e r i s t i c s of c e l l o p e r ­
a t ion w e r e noted: ( l ) The c u r v e s of emf v e r s u s oxygen c o n c e n t r a t i o n for the 
four c e l l s did not have the s a m e s lope o r i n t e r c e p t . T h e s e d i f f e r e n c e s m a y 
be due to v a r i a t i o n s in s t r u c t u r e o r i m p u r i t i e s in t he c e l l e l e c t r o l y t e . 
(2) The s l o p e s w e r e c o n s i d e r a b l y g r e a t e r t h a n tha t of t he c a l c u l a t e d c u r v e , 
t h e r e b y r e s u l t i n g in h i g h e r t h a n t h e o r e t i c a l v o l t a g e s a t h igh oxygen c o n c e n ­
t r a t i o n s in s o d i u m . (3) L i n e a r p lots of the c e l l emf v e r s u s the l o g a r i t h m 
of the oxygen c o n c e n t r a t i o n in s o d i u m w e r e ob ta ined for a l l t h e c e l l s . Of 
p a r t i c u l a r i n t e r e s t was the l i n e a r i t y o b s e r v e d in one of t he c e l l s o v e r t h r e e 
o r d e r s of m a g n i t u d e in the oxygen c o n c e n t r a t i o n . 

The s o d i u m t e m p e r a t u r e in an L M F B R wi l l v a r y f r o m the c o l d - t r a p 
t e m p e r a t u r e to the m a x i m u m s o d i u m t e m p e r a t u r e in the c o r e . M o r e o v e r , 
e l e c t r o c h e m i c a l oxygen m e t e r s wi l l be o p e r a t e d at t e m p e r a t u r e s b e t w e e n 
300 and 500°C, and t h e i r outputs m u s t be c o r r e l a t e d wi th r e s u l t s of v a n a d i u m -
w i r e e q u i l i b r a t i o n s , wh ich wi l l be conduc ted at 750°C. It i s , t h e r e f o r e , i m ­
p o r t a n t to d e t e r m i n e w h e t h e r the oxygen con ten t of s o d i u m , and thus the ce l l 
emf, i s affected by con tac t of the s o d i u m wi th m a t e r i a l s of c o n s t r u c t i o n a t 
the h igh t e m p e r a t u r e s . Acco rd ing ly , m e a s u r e m e n t s of c e l l emf w e r e m a d e 
while the m a x i m u m t e m p e r a t u r e of the loop was v a r i e d b e t w e e n 450 and 
750°C. In th i s r a n g e of m a x i m u m loop t e m p e r a t u r e s , no effect on c e l l emf 
was noted for oxygen c o n c e n t r a t i o n s in s o d i u m b e t w e e n 0.34 and 30 p p m . 

A UNC oxygen m e t e r o p e r a t i n g at 402°C has b e e n c a l i b r a t e d u s ing 
the s t a n d a r d v a n a d i u m - w i r e e q u i l i b r a t i o n m e t h o d o v e r t he r a n g e 0.8 
to 11 ppm oxygen in s o d i u m . All points w e r e wi th in 1 m V of t he c u r v e . 

The e q u i l i b r a t i o n m e t h o d is be ing ex tended to the m e a s u r e m e n t of 
ca rbon a c t i v i t i e s in s o d i u m . The p r o p e r t i e s of a s u i t a b l e d e t e c t o r m e t a l 
a r e the s a m e a s t h o s e spec i f i ed p r e v i o u s l y for an oxygen d e t e c t o r , i . e . , 
(1) a low so lub i l i ty in l iquid s o d i u m , (2) a s ign i f i can t r a n g e of c a r b o n so l id 
so lu t ion in the m e t a l , (3) r e l a t i v e l y high diffusion r a t e s for c a r b o n in the 
so l id , and (4) e x p e r i m e n t a l l y m e a s u r a b l e d i s t r i b u t i o n coef f ic ien t s for c a r b o n 
which a r e g r e a t e r than uni ty . Both i r o n and v a n a d i u m a p p e a r to be a c c e p t ­
able d e t e c t o r m e t a l s for c a r b o n , and w o r k is in p r o g r e s s to e s t a b l i s h the 

*D. L. Smith, Investigation of the Thermodynamics of V-Q Solid Solutions by Distribution Coefficient 
Measurements in the V-O-Na System, Met. Trans. 2. 579-583 fFeb 1971). 
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required distribution-coefficient data for carbon between these metals and 
liquid sodium. Fu r the r work will be required, however, to establish optimum 
exposure t imes and t empera tu res and the effects of other nonmetallic e le­
ments on the distr ibution coefficients and the carbon activity. 

D. Sodium Chemis t ry and Radioactive Contaminant Behavior (02-509) 

1. Studies of the Sodium-Oxygen-Hydrogen System. F . A. Cafasso and 
K. M. Myles (Last reported: ANL-7765, p. 83, Dec 1970) 

Investigation of the nature and behavior of oxygen- and hydrogen-
bearing species in liquid sodium is continuing. The effort at present is 
directed toward elucidation of the phase relations that exist between Na, 
NajO, NaOH, and NaH at room t empera tu re . When complete, this infor­
mation will provide a foundation for determining which one of two potential 
phase d iagrams of the Na-NajO-NaH-NaOH systems (see P r o g r e s s Report 
for September 1970, ANL-7742, pp. 125-126) is more cor rec t , i .e. , which 
of the two d iagrams should be used to guide further work in this a rea . 

The exper imenta l technique involves welding, in nickel capsules , 
mixtures of Na, NajO, NaOH, and NaH, subjecting the mixtures to various 
heat t r ea tmen t s , cooling gradually to room tempera tu re , and examining the 
products with a diffractometer . In recent exper iments , various mixtures 
of Na-NajO-NaH, Na-NaOH, and NajO-NaOH-NaH were heated to 50O-600°C 
and slowly cooled to room tempera tu re in an attempt to achieve room-
tempera tu re equil ibrium. Thus far, caking and consequent separat ion of 
the react ion products has inhibited further reactions from occurr ing as 
the samples were cooled. Efforts a r e current ly being directed toward 
circumventing this difficulty by modifying the 'exper imenta l procedure . 

In other exper iments , capsules at SOO'C were quenched rapidly in 
an at tempt to re ta in the h igh- tempera ture phases at room t empera tu re . 
These p re l iminary exper iments have indicated that NaOH is an equil ibrium 
phase at 500°C. 

2. Studies of Carbon Transpor t in Sodium-Steel Systems. T. F . Kassner , 
K. Natesan, and C. A. Youngdahl (Last reported: ANL-7765, pp. 85-86, 
Dec 1970) 

The objectives of this work a r e an understanding of the thermody­
namics and kinetics of ca rbur iza t ion-decarbur iza t ion p rocesses involving 
austeni t ic and fe r r i t ic s teels and a cor re la t ion of the compositional and 
m i c r o s t r u c t u r a l changes with the mechan ica l -p roper ty behavior of these 
m a t e r i a l s . 

Previous equilibration exper iments to determine the distr ibution of 
carbon between sodium and i ron and i ron-base alloys at 650 and 750°C have 
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indicated that the carbon concentrations in sodium were in the sub-ppm 
range. In a recent experiment, foil specimens (2 mils thick) of Types 304 
and 316 stainless steel, Fe-18 wt % Cr -8 wt % Ni, F e - 8 wt % Ni, and i ron 
were exposed to flowing sodium at 650 and 750''C. Iron and vanadium wires 
were also included at each of the t empera tu res . To increase the carbon 
concentration in sodium to a more readily measurable range, a carbur ized 
iron source was located downstream from the specimen. 

Combustion analyses of the equilibrated foil specimens indicated a 
substantial increase in the carbon concentrations; for example, the carbon 
concentration in Types 304 and 316 stainless s teel increased from 0.045 
and 0.074 wt % to 0.64 and 1.13 wt %, respectively, at 750°C. The iron, 
Fe -8 wt % Ni, and Fe-18 wt % Cr-8 wt % Ni foils also showed significant 
increases in carbon concentration. The iron and vanadium wires and the 
sodium samples a re being analyzed for carbon. This experiment will yield 
additional information on the carbon activity in sodium and on the d i s t r i ­
bution of carbon between sodium and the austenitic alloys. 

Three austenitic stainless steels (Types 304, 316, and 347) were 
equilibrated with Fe -8 wt % Ni alloys at 600, 700, and 800°C in Vycor cap­
sules at different carbon activities. The carbon activities corresponding 
to the carbon concentrations in the steels will be reported when the carbon-
activity studies in the Fe-8 wt % Ni alloys a re completed. The experiments 
described above will provide a means for extending the results for the d is ­
tribution of carbon between sodium anti the stainless steels over a much 
wider range of carbon activities than can be achieved experimentally in 
loop systems over a reasonable time period. 

3. Development of Radioactive Monitoring Methods 

a. Monitoring of Fission-product Iodine. W. E. Miller and 
N. R. Chellew (Last reported: ANL-7765, p. 86, Dec 1970) 

Fission-product cesium, rubidium, iodine, and te l lur ium should 
be easily leached from oxide fuel by coolant sodium contacting the oxide fuel 
at cladding defects. The concentration level of certain isotopes of these 
fission products in the coolant should provide the means for characterizing 
a failure and indicating the magnitude of the cladding defect. Therefore, 
monitoring methods for measuring concentration levels of these isotopes 
are being investigated. At present, a monitoring concept for measuring the 
^ Î content of reactor sodium is of pr imary in teres t . In this concept, the 

concentration of ''^I is determined by (l) sparging a sample of sodium with 
inert gas to remove the xenon present, (2) allowing the xenon daughters of 
iodine to build up for a predetermined t ime, (3) restripping the xenon from 
the sodium so that '^^"^Xe can be gamma-counted, and (4) calculating the 
amount of parent '^^I from the count rate of the daughter. 
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The method of application of this monitoring concept is dependent 
on the kinetics of the t ransfer of xenon from sodium to the c a r r i e r gas. Ac­
cordingly, mass t ransfer in gas-sodium contactors is under investigation. 
Because of the short half-life (15.6 min) of -̂̂ ^^^Xe, the isotope of in teres t 
for reac tor application, 5.3-day ^̂ -̂ Xe will be used in laboratory experiments 
to obtain the requisite data. 

An experimental apparatus is being built that will permit testing 
of gas-sodium contactors of various designs. The first contactor to be tested 
is one in which helium is bubbled through sodium to s t r ip out the xenon. 
Apparatus design, except for the sparger , has been completed, and the 
components are being built or procured. 

b. Sampling and Analytical Procedures for Fiss ion Products in 
Cover Gas^ R. J. Meyer and M. H. Barsky (Last reported: 
ANL-7742, p. 129, Sept 1970) 

High-temperature gas chromatography is being investigated as 
a means of separating fission-product gases and vapors from sodium vapor 
and aerosol so that the types and levels of radioactive fission products in 
cover gas can be determined. This information will be useful in the detec­
tion and character iza t ion of fuel fai lures. 

The method present ly under investigation involves the following 
steps: (l) separat ion of metal vapor and aerosol from the noble fission-
product gases and the permanent gases on a high- temperature column, 
(2) further separat ion of the gases (e.g., "Ne and "̂ ^Ar from krypton and 
xenon isotopes) on a room- tempera tu re column, and (3) further separat ion 
of the vapors (e.g., sodium from rubidium and cesium isotopes) on a high-
tempera ture column. 

Construction of a gas-chromatographic system to demonstrate 
vapor-gas separat ions has been completed. Experimental work to establish 
the conditions necessa ry for the separations is in p rog re s s . 
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V. F U E L S A N D M A T E R I A L S D E V E L O P M E N T 

A . F u e l s a n d F u e l E l e m e n t s 

1. F u e l P r o p e r t i e s 

a . H i g h - t e m p e r a t u r e P r o p e r t i e s of C e r a m i c F u e l s ( 0 2 - 0 9 4 ) 

(1) D e f o r m a t i o n of P o l y c r y s t a l l i n e U r a n i u m M o n o c a r b i d e . 

J . L . R o u t b o r t a n d M . D . O d i e (Not p r e v i o u s l y r e p o r t e d ) . T h e d e s i g n , 

c o n s t r u c t i o n , i n s t a l l a t i o n , a n d p r o o f t e s t i n g of a n a p p a r a t u s t o b e u s e d f o r 

h i g h - t e m p e r a t u r e d e f o r m a t i o n s t u d i e s o n a d v a n c e d f u e l s h a v e b e e n c o m ­

p l e t e d . T h e a p p a r a t u s i s b u i l t a r o u n d a M o d e l T T - D M - L ( 1 0 , 0 0 0 k g ) I n s t r o n 

t e s t i n g m a c h i n e . C y l i n d r i c a l s p e c i m e n s 6 m m i n d i a m e t e r a n d 12 m m l o n g 

a r e d e f o r m e d u n d e r c o m p r e s s i o n u s i n g a t u n g s t e n c o m p r e s s i o n c a g e . A 

B r e w f u r n a c e i s u s e d t o o b t a i n t e m p e r a t u r e s of 2 0 0 0 ° C ( in a v a c u u m of 

10 T o r r o r i n a n i n e r t a t m o s p h e r e ) w i t h a ±1°C c o n t r o l . A t e m p e r a t u r e 

g r a d i e n t of ± 0 . 5 % e x i s t s f o r a 1 2 - m m - l o n g s p e c i m e n . T h e t e m p e r a t u r e i s 

m e a s u r e d b y a P t - 6 % R h , P t - 3 0 % R h t h e r m o c o u p l e t h a t i s i n c o n t a c t w i t h 

t h e c e n t e r of t h e s a m p l e . S t a i n l e s s s t e e l b e l l o w s c o m p l e t e t h e v a c u u m 

(o r a t m o s p h e r e ) s e a l s . T h e e l a s t i c s t r a i n s i n t h e l o a d s y s t e m a n d t o o l i n g 

w e r e c a l i b r a t e d w i t h e x c e l l e n t r e p r o d u c i b i l i t y . 

T w o t y p e s of p r e l i m i n a r y t e s t s h a v e b e e n p e r f o r m e d on a 

h y p e r s t o i c h i o m e t r i c , 100% d e n s e p o l y c r y s t a l of u r a n i u m m o n o c a r b i d e . 

F i g u r e V . l s h o w s t h e f l o w s t r e s s a^ a s a f u n c t i o n of t e m p e r a t u r e f r o m 

8 7 0 t o 1 2 0 0 ° C . I n a l l t e s t s , Of w a s 

c a l c u l a t e d f r o m t h e l o a d a t w h i c h t h e 

l o a d - v e r s u s - d e f l e c t i o n c u r v e b e c a m e 

n o n l i n e a r . T a b l e V . l p r e s e n t s t h e 

r e s u l t s of t w o m e t h o d s of s t r a i n 

m e a s u r e m e n t . A s l o n g a s t h e s a m p l e 

d i m e n s i o n s r e m a i n u n i f o r m , b o t h 

b~ |_ \ m e t h o d s a g r e e , a n d a c c u r a t e s t r a i n 

m e a s u r e m e n t s c a n b e m a d e w i t h o u t 

u s i n g a n e x t e n s o m e t e r . T h e s a m p l e 

e x h i b i t e d b a r r e l i n g a f t e r ~ 4 . 0 % d e ­

f o r m a t i o n a n d a l s o e x h i b i t e d c o n -
lOOO MOO 1 2 0 0 • 1 , , , n 

TEMPEHATuRE.'c s i d e r a b l e p l a s t i c i t y e v e n a t 8 7 0 C . 

Fig. V.l. Flow Stress aj as Function of Tempera^ 
ture at e = 1 '̂ i' » 1 "~^ 
MSD-54046. 

1 X 10 ' /min. Nes. No. 
R e s u l t s of s t r e s s - r e l a x a t i o n 

t e s t s a r e s h o w n i n F i g . V . 3 . T h e 
c h a n g e i n l o a d A L w i t h t i m e i s l o g a ­
r i t h m i c , w h i c h i s c o n s i s t e n t w i t h 

s t r e s s - r e l a x a t i o n t h e o r y . T h e p a r a m e t e r s m e a s u r e d f r o m t h r e e t e s t s a r e 
t a b u l a t e d i n T a b l e V . 2 . W h e n t h e r e s u l t s a r e e x t r a p o l a t e d t o h i g h e r t e m ­
p e r a t u r e s a n d h e n c e l o w e r s t r e s s e s , t h e y c o i n c i d e a p p r o x i m a t e l y w i t h t h o s e 
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repor ted by Chang,* who measured the s t r e s s relaxation in stoichiometric 
uranium monocarbide from 1500-1900°C. 

TABLE V . l . S t r a i n Measurements 

e (Ca lcu l a t ed from 
Temperature , AL/L Measured, I n s t r o n C r o s s r o a d ) , 

°C % % Comments 

1200 

1000 

870 

1.18 

1.40 

1.40 

1, 

1. 

1 

,08 

,05 

,10 

-
Sample cracked' 
and nonuniform 

Barrelling 

^The sample cracked along a t r a n s v e r s e g r a i n boundary. Grain-boundary 
s e p a r a t i o n i s c l e a r l y ev iden t i n F i g . V.2. 

Fig. V.2. Uranium Monocarbide Sample after A'lo Deformation in Compression 
Showing Offset due to Grain-boundary Separation. Mag. 18X. Neg. 
No. MSD-54026. 

*R. Chang, J. Appl. Phys. 33. 858 (1962). 
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Fig. V.3. Stress Relaxation at 1000°C, AL vs logĵ Q T . 
Neg. No. MSD-54045. 

TABLE V.2. Stress-relaxation Tests 

Temperature, 
°C kg/mm 

Slope s, 

kg/cm 

Activation Volume, 

V = cm /atom x 10 

870 

870 

1000 

10.5 

11.5 

5.76 

224 

251 

110 

0,166 

0.148 

0.378 

b. Physical and Chemical Studies--Molten Fuel, Cladding, and 
Coolant. A. D. Tevebaugh and M. G. Chasanov, CEN (02-175) 

(1) Reactor Mater ia ls - -Fuel Phase Studies at High Tempera­
tures: Investigation of the Distribution of Fission Products Among Molten 
Fuel and Reactor Phases . M. G. Chasanov (Last reported: ANL- 7765, 
pp. 82-83, Dec 1970). Experiments are being carr ied out to determine the 
distribution of major heat-producing fission products among the various 
phases that would result from a meltdown of an LMFBR core. 

A series of experiments has been completed in an a r c -
melting furnace to show the distribution of Zr, La, Y, Pr , Ce, Mo, Ru, and 
Nb between molten iron and UO^. A comprehensive report will be issued 
on these experiments when all the analytical results are available. The 
general procedure for these experiments, together with the results show­
ing that zirconium was distributed to the UOj phase, •was described in the 
Progress Report for September 1970, ANL-7742, pp. 123-125. The 



67 

following additional resul t s have been obtained: Lanthanum is also d is ­
tr ibuted to the oxide phase. Molybdenum is distributed to the iron phase. 
Ruthenium, when it is initially present as metal , remains in the iron phase. 
Ruthenium and niobium, when they a re initially present as oxides in the 
oxide phase, a re part ial ly reduced to metal and distribute to the iron 
phase. The kinetic aspects of the distr ibution of ruthenium and niobium 
have been studied by carrying out experirnents for various equilibration 
t imes . Analytical "work is being done on the products of these exper iments . 

2. I r radia t ion Behavior of Fuel 

a. Behavior of Reactor Mater ia ls (02-086) 

(1) Fue l -e lement Behavior: Theory, Modeling, and Analysis. 
V. Z. Jankus and R. W. Weeks (Last reported: ANL-7776, p . 63, Jan 1971). 
Several modifications have been incorporated into the LIFE-I Code: 

(a) More recent expressions for phenomenological swell­
ing of solut ion-t reated {N<^H = -1) and 20% cold-worked (NI;Z(H = -2) 
Type 316 s ta inless s teel have been included in the code, as suggested by 
R. D. Leggett et a l .* 

(b) LIFE-I now requi res the fuel to stick to the cladding 
after thorough contact has been established at high t empera tu re . 

(c) The output of LIFE-1 has been augmented, mainly by 
requiring the code to print the hoop s t r e s s and various s t rains pertaining 
to the cladding at every converged time step. 

« 
(d) The increment of c reep s t ra in at every e lementary 

time interval consists of t he rma l and neutron-enhanced c reep . Each com­
ponent of the incremental c reep s t ra ins is now accumulated and printed in 
the p r o g r a m output. The separat ion is performed not only for the cladding 
but also for each zone of the fuel. 

(e) Computation of the rmal expansion and i r radi t ion 
swelling of the capsule (if present) has been incorporated into LIFE-I . Only 
options of phenomenological swelling (N^SH ^ 0) a re allowed for the capsule. 

(f) Theoret ical calculation of cladding swelling (N9)H > 0) 
has been found to be strongly dependent on the time interval used to reach 
full power, when it is less than 1 h r . Although this rapid rate does not occur 
in normal prac t ice , it has been used in the cal ibrat ion of the subroutine 
HKNS. A fictitious rapid full-power bu r s t at the beginning of an i r radia t ion 

•R. D. Leggett et al.. Correlation of Predictions and Observations in Mixed Oxide Fuels, ANS Trans. 13(2), 
514-576 (Nov 1970). 
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h i s t o r y is s u g g e s t e d * if a r e l e v a n t t h e o r e t i c a l c a l c u l a t i o n of c l a d d i n g s w e l l ­
ing is d e s i r e d , pending a r e v i s i o n of the s u b r o u t i n e . 

3 . F u e l - e l e m e n t P e r f o r m a n c e 

a. Oxide F u e l S tudies (02-005) 

(1) F u e l - s w e l l i n g S t u d i e s . L . C. M i c h e l s , J . D. B . L a m b e r t , 
L . A. N e i m a r k , and G. M. D r a g e l (Las t r e p o r t e d : A N L - 7 7 8 3 , pp . 6 6 - 6 7 , 
F e b 1971). F u l l r a d i a l e x a m i n a t i o n by f r a c t u r e - r e p l i c a e l e c t r o n m i c r o s ­
copy of a t r a n s v e r s e s e c t i o n f r o m m i x e d - o x i d e fuel e l e m e n t 012 has b e e n 
c o m p l e t e d . The a v e r a g e r a d i a l ex t en t s and c a l c u l a t e d f u e l - o p e r a t i n g t e m ­
p e r a t u r e r a n g e s * * for the d i f fe ren t fuel s t r u c t u r a l r e g i o n s a r e : u n r e s t r u c -
t u r e d , 0 .126-0 .117 in . and 745-885°C; e q u i a x e d g r a i n g r o w t h , 0 . 1 1 7 - 0 . 0 9 6 in . 
and 885-1285°C; t r a n s i t i o n f r o m equ iaxed g r a i n g r o w t h to c o l u m n a r g r o w t h , 
0 .096-0 .086 in . and 1285-1485°C; and c o l u m n a r g r a i n g r o w t h , 0 . 0 8 6 - 0 . 0 4 1 in. 
and 1485-1780°C. 

The o b s e r v a t i o n s and c o n c l u s i o n s d e r i v e d f r o m th i s i n v e s ­
t iga t ion of the d i f fe ren t fuel s t r u c t u r a l r e g i o n s a r e a s fo l lows : 

(a) U n r e s t r u c t u r e d Reg ion . The r o o m - t e m p e r a t u r e f r a c ­
t u r e mode was i n t e r g r a n u l a r . The s p e c i m e n was f r a c t u r e d a t r o o m t e m ­
p e r a t u r e to p r o d u c e f r e s h f r a c t u r e s u r f a c e s for e x a m i n a t i o n . The g r a i n 
edges ( g r a i n - b o u n d a r y i n t e r s e c t i o n s ) w e r e s m o o t h - r o u n d e d o r s m o o t h -
g rooved as c o n t r a s t e d •with the s h a r p g r a i n edges s e e n in l o w - t e m p e r a t u r e 
i n t e r g r a n u l a r f r a c t u r e s of u n i r r a d i a t e d m i x e d - o x i d e s p e c i m e n s . ^ This o b ­
s e r v a t i o n i n d i c a t e s the p r e s e n c e of i n t e r l i n k e d g r a i n - e d g e open ings tha t 
could co l l ec t f i s s i on gas wh ich would s u b s e q u e n t l y b e r e l e a s e d t h r o u g h 
c r a c k s f o r m e d dur ing r e a c t o r cyc l ing . 

No f i s s i o n - g a s bubb le s w e r e o b s e r v e d . Bubb le s o ^ 
s m a l l e r than 1000 A (0.1 jj.) a r e not r e s o l v e d by th is t e c h n i q u e . 

(b) E q u i a x e d G r a i n - g r o w t h Reg ion . The r o o m - t e m p e r a t u r e 
f r a c t u r e mode was m i x e d i n t e r g r a n u l a r and t r a n s g r a n u l a r f r a c t u r e for about 
the ou te r half of the r eg ion , and was m o s t l y t r a n s g r a n u l a r f r a c t u r e for the 
r e m a i n d e r . Ev idence of g r a i n - e d g e openings was found in the o u t e r half of 
the r eg ion , but not in the r e m a i n d e r . The m e c h a n i s m s u g g e s t e d for f i s s i o n -
gas r e l e a s e for the u n d i s t u r b e d r e g i o n could a l s o be o p e r a t i v e for a t l e a s t 
the ou te r half of the equ iaxed g r a i n - g r o w t h r e g i o n . 

F i s s i o n - g a s b u b b l e s w e r e f i r s t o b s e r v e d ~0.016 in . 
f r o m the fuel s u r f a c e . The o b s e r v e d b u b b l e s w e r e s i t u a t e d on g r a i n 

*S. D. Harkness, Argonne National Laboratory, private communication (1971). 
••Calculated using a recent version of the LIFE-I Code. 
TJ. T. A. Roberts, Argonne National Laboratory, private communication (1971). 
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boundar ies , were relat ively few in number, and ranged from ~0.1 to ~0.3 ;i 
in d iamete r . A few fission-gas bubbles were observed '-0.026 in. from the 
fuel surface. Again they were on grain boundaries and ranged from ~0.1 to 
"•0.5 fi in d iamete r . No bubble interlinkage was observed. 

(c) Transi t ion Region and Columnar Grain-growth Region. 
The room- tempera tu re fracture mode was mixed intergranular and t r a n s ­
granular f rac ture . 

Large numbers of f ission-gas bubbles were observed 
start ing about the middle of the t ransi t ion region and continuing throughout 
both regions, most ly on gra in boundaries and along grain edges. Two dif­
ferent cases were found. In the f irs t , extensively interlinked and elongated 
gas bubbles were observed on some boundaries , in addition to a distribution 
of smal le r , rounded bubbles. Elongation of interlinked bubbles was seen 
only in the columnar grain-gro^wth region. In the second case , little in ter­
linkage was observed on other boundaries , although many bubbles were 
p resen t . This difference did not appear to be related to observed differ­
ences in the orientations of the boundaries relat ive to the direction of the 
t empera ture gradient . However, the difference may be related to the 
formation and migra t ion of subgrain and grain boundaries and the attendant 
f ission-gas bubble sweeping previously observed in the columnar and 
t ransi t ion regions of mixed-oxide fuel i r rad ia ted in EBR-II . (See P r o g r e s s 
Report for Februa ry 1970, ANL-7669, pp. 112-113.) 

(2) Fue l -e lement Pe r fo rmance . L. A. Neimark, W. F . Murphy, 
and J. D. B. Lamber t 

(a) Group 0 - 3 , Void Deployment (Last reported: ANL-
7776, p . 72, Jan 1971). Five mixed-oxide fuel elements from Group O-3 
a re being examined in the hot cells at ANL, Il l inois. These elements are 
par t of a group of 18 encapsulated fuel elements that were i r rad ia ted in 
EBR-II to 3.5 at. % peak burnup. The peak linear power ratings were 
12-14 kW/ft. I r radia t ion of the other 13 elements is continuing to the next 
burnup level of 7.5 at. %. 

Three of the elements being examined (SOPC-1, 
SOPC-3, andSOPC-5) contain pellet fuel; SOV-15 contains v ibra tor i ly com­
pacted Dynapak powder, and SOVG-17 contains v ibra tor i ly compacted 
Sol-gel m i c r o s p h e r e s . The five elements a re clad in 0 .290-in.-OD, 15-
mi l -wal l Type 304 s ta inless s teel , except for SOV-15, which has a 20-mil 
cladding. SOPC-5 had a large initial d iametra l gap of 15 mi l s , compared 
with 4 mi l s for SOPC-1 and SOPC-3 . 

Nondestructive examination of the encapsulated fuel 
e lements has been repor ted previously. (See P r o g r e s s Reports for No­
vember 1970, ANL-7758, pp. 71-72, and January 1971, ANL-7776, p . 72.) 
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The plenums of the capsules were punctured, and the gases were collected. 
The gases were all nonradioactive, indicating that fission gases had not 
leaked from the elements. The sodium bond was melted, and the capsules 
were disassembled without difficulty. 

The results of nondestructive measurements on the 
fuel elements are given in Table V.3. The data are reasonably consistent, 
except for the relatively large increase in the weight of SOPC-1. Visual 
examination of this element revealed nothing that would account for the 
apparent weight gain. The weight losses of the other four elements are 
equivalent to a volume of stainless steel of about 0.002 cm^. The volume 
changes due to length increase range from 0.010 to 0.021 cm . The net 
volume changes due to diametral increases range from 0.021 to 0.059 cm , 
and are equivalent to calculated diameter increases ranging from 0.6 to 
1.7 mils . Measured average diametral increases over the fuel and over 
the plenum, respectively, were: SOPC-1, 0.7 mil, 0.4 mil; SOPC-3, 
0.6 mil, 0.2 mil; SOPC-5, 0.6 mil, 0.2 mil; and SOVG-17, 0.5 mil, 0 .2mil . 
Diameter profiles of SOV-15 have not yet been made. The diameter pro­
files of the four elements showed larger diameter increases over the lower 
half of the fuel column, with no evidence of a peak diameter increase near 
the reactor midplane. The diametral profile of SOPC-3 differed from the 
profiles of the other three elements by having an i r regular degree of 
ovality of as much as 4-5 mils over the length of the fuel column. 

Element 

SOPC-1 

SOPC-3 

SOPC-5 

SOV-15 

SOVG-17 

WeiRht 

mg 

+245 

-20 

-12 

-19 

-15 

TABLE V.3. 

change 

% 

-
-0.012 

-0.007 

-0.011 

-0.009 

Results 

Volume 

( 

+0 

+0 

+0 

+0 

+0 

zm 

.035 

.042 

.053 

.067 

.061 

of Nondestructive 

change 

• 

+0 

+0 

+0 

+0 

+0 

'i 

.11 

.13 

.16 

.20 

.18 

Measurements 

Length Change 

mils 

+13 

+19 

+11 

+ 9 

+17 

+0 

+0 

+0 

+0 

+0 

'i 

.04 

.06 

.04 

.03 

.05 

Balance 

Initial 

11 

11. 

11, 

11 

11 

.14 

,15 

.22 

.63 

.12 

Point ,^ in. 

change 

+0, 

+0, 

+0, 

+0 

+0 

,05 

,10 

,03 

.06 

.13 

Pleasured from the bottom of the fuel element. 

Although major fission-product agglomeration was 
not noted in the axial gamma profiles, minor indications of peaks for '•'''Cs, 
and sometimes '°^Ru, were seen. 

The four elements for which nondestructive examina­
tion has been completed have been punctured and the gases collected. The 
following quantities of gas at standard temperature and pressure were ob­
tained (including the original fill gas): SOPC-1, 58.7 cm^ SOPC-3, 
55.4 cm^; SOPC-5, 46.2 cm^ and SOVG-17, 49.6 cm^ Samples of these 
gases have been submitted for mass-spectrographic 
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Fuel element SOPC-5 has been sectioned, and two a s -
polished radial sections have been given a prelinainary exannination. The 
usual central-void, columnar-grain , equiaxed-grain, and "as-fabricated" 
regions were evident. Small metal l ic-appear ing par t ic les of fission prod­
ucts were evident, but no large agglomerations were seen. Of par t icular 
in teres t were the closure of the initially large 1 5-mil -diametra l gap and 
the absence of any evidence of fuel melting. Detailed examination of the 
five elements continues. 

(b) Exannination of NUMEC Groups B and C Elements 
(Last reported: ANL-7776, pp. 72-75, Jan 1971). Table V.4 summarizes 
the post i rradiat ion examination resul t s for the four NUMEC high-burnup 
fuel elements now undergoing destruct ive examination in the Alpha-Gamma 
Hot Cell. The fabrication var iables and irradiat ion conditions were p r e ­
viously reported (see ANL-7776, p. 73). 

TABLE V.4, NUMEC Mixed-oxide Fuel Elements 

Fuel Element 

Analysis 

Peak % AD/D capsule 

Peak % AD/D^ element 

Element % eccentricity 

% AL/L on fuel column 

Volume Xe+Kr (NTP, cc) 

% Fission-gas release 

1.57 

2.53 

0.29 

1.8 

18.7 

19.8 

1.76 

4.01 

1.43 

K4 
163.'5 

95.7 

1.50 

3,26 

1.51 

["1 
153.9 

90.8 

1.28 

3.11 

1.36 

u 
107.6 

68.0 

Effect of wire-wrap distortion averaged. 

(Maximum OD-minimum OD)/mean OD as percent. 

c„ ^ . ^. ^ Jinterim XOI2I 
Measured from neutron radiographs j„, , x012Af* 

Based on 0.246 gas atoms per fission and mean calculated burnups. 

E l e m e n t s C-11 and C-15 w e r e p r e v i o u s l y r e p o r t e d ( see 
A N L - 7 7 7 6 , p p . 7 2 - 7 6 ) to c o n t a i n f i s s i o n - p r o d u c t i ngo t s in t h e i r c e n t r a l 
v o i d . T h e c e n t r a l vo id of C -11 a l s o c o n t a i n e d a d e n d r i t i c s t r u c t u r e t h a t 
had a s l i g h t l y d a r k e r g r a y c o l o r o v e r the fuel n n a t r i x . A s e c t i o n f r o m C - 1 1 , 
s h o w n in F i g . V.4 , h a s b e e n a n a l y z e d w i t h the s h i e l d e d m i c r o p r o b e , and the 
r e s u l t s a r e s u m m a r i z e d b e l o w . * 

*E. M. Butler and D. R. O'Boyle, Argonne National Laboratory, private communication (1970). 
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Fig. V.4. Fission-product Ingot (A) and Dendritic Structure (B) in Central Void 
of NUMEC Element C-11. Mag. 24X. Neg. No. MSD-160259. 

The l a r g e m e t a l l i c ingot con ta ined a h igh c o n c e n t r a t i o n 
of mo lybdenum, r u t h e n i u m , and t e c h n e t i u m . 

In the d e n d r i t i c s t r u c t u r e , s e v e n d i s t i n c t p h a s e s w e r e 
o b s e r v e d : (1) m i x e d - o x i d e fuel wi th P u / u - 0 .35; (2) m i x e d - o x i d e fuel 
with P u / U - 0.17, wh ich a l s o con ta ins b a r i u m and c e r i u m ; (3) an op t i ca l ly 
d a r k g r a y phase that con ta ins m o l y b d e n u m , b a r i u m , and c e r i u m wi th 
- 1 . 5 wt % u r a n i u m and no de t ec t ab l e p lu ton ium; (4) an o p t i c a l l y r e d p h a s e 
containing mo lybdenum, b a r i u m , and c e r i u m , bu t w i th a h i g h e r m o l y b d e n u m 
concen t r a t i on c o m p a r e d to P h a s e 3 and no d e t e c t a b l e u r a n i u m or p lu ton ium; 
(5) cesiunn in c r a c k s th roughout the fuel f r o m the c e n t r a l void to the fuel-
cladding in ter face; ' (6) an op t ica l ly b r i g h t m e t a l l i c p h a s e con ta in ing m o l y b ­
denum, ru then ium, and t e c h n e t i u m ; and (7) an op t i ca l ly b r i g h t p h a s e of 
e s s e n t i a l l y pure m o l y b d e n u m . 

P r o b e t r a c e s f r o m the fuel s u r f a c e to the c e n t r a l vo id 
ind ica ted an i n c r e a s e in the p lu ton ium con ten t of the fuel n e a r the c e n t r a l 
void; work is be ing cont inued to obta in a c c u r a t e v a l u e s for the P u / U r a t i o 
as a function of r a d i u s . 
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A significant feature of both Groups B and C elements 
was the appearance in the fuel-cladding gap of thin layers of bright mater ia l 
para l le l to the internal surface of the cladding. Generally, these thin layers 
were surrounded by a gray phase. Figure V.5 shows the typical appearance 
of one of these l aye rs . Microprobe analysis indicated that these layers 
contained >80% molybdenum, whereas the gray phase consisted of a mixture 
of cesium, molybdenum, te l lur ium, and oxygen. Penetrat ion of the cladding 
by cesium was no more than 0.002 in. and generally did not occur prefer ­
entially along the grain boundaries of the s teel . 

Fig. V.5. Thin Layers of Bright Material in Fuel-cladding Gap of NUMEC Element C-11, 
Analyzed >8(>7o Molybdenum. Mag. 165X. Neg. No. MSD-160260. 

For purposes of analysis , the respective 0 and 90° 
orientation profi lometry resul t s from Elements C-1 , C-11, C-15, and 
B-2, and their capsules were averaged. It was then assumed that the tem­
pera ture difference between the capsule wall and the fuel cladding at any 
axial position on the elements can be ignored in t e rms of the effect it will 
have on the steel swelling at a given fluence. Spot checks using the latest 
PNL-WARD swelling equation* indicate that, in the temperature and total 
fluence regimes involved, this approximation will yield only small inac­
curac ies . The capsule A D / D profiles have been subtracted from the ele­
ment A D / D profiles to yield A D / D profiles on the elements solely due to 
fuel-cladding interaction, fuel swelling, and cladding c reep . (From here 
on, the t e rm "fuel swelling" will be used to denote these three components.) 

The following features of the profiles were then 

apparent; 

(1) In all four e lements , "fuel swelling" contributed 
more to total cladding s t ra in over the lower, cooler half of the elements 

•R. D. Leggett, Plutonium Fuels for LMFBR—An Extrapolation, WHAN-SA-51 (Oct 5-9, 1970). 
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than over the upper, hotter half. (With the exception of C-1, the diametral 
fuel-cladding gap was considerably smaller over the lower halves of the 
elements than over the upper halves.) 

(2) In Elements C-1, C-11, and C-15, "fuel swelling" 
contributed ~65% of the total A D / D at the bottom of the elements and ~ 50% 
at the top. 

(3) In Element B-2, "fuel swelling" contributed ~ 50% 
of the total A D / D at the bottom of the element and only ~20% at the top. 

There were three differences between Element B-2 
and the three Group C elements. Element B-2 operated in a different sub­
assembly with slightly lower cladding temperatures ; the mean burnup of 
B-2 was lower (~8.7 at. %) than for the three Group C elements (~9.7 at. %); 
and the cladding thickness on B-2 was 0.030 in. compared with 0.015 in. on 
C-1, C-11, and C-15. The lower "fuel-swelling" contribution to overall 
cladding strain in B-2 compared with the values for the Group C elements 
is tentatively attributed to the combined effect of these three factors . 
LIFE-I Code runs are planned to confirm this hypothesis. 

4. Techniques of Nondestructive Testing 

a. Nondestructive Testing Research and Development (02-092) 

(1) Development of High-temperature Ultrasonic Transducers . 
K. J. Reimann (Last reported: ANL-7776, p. 76, Jan 1971). Difficulties 
were encountered in the attempt to calibrate the high-temperature t r ans ­
ducer prototypes with a capacitive t ransducer . It proved to be impossible 
to achieve a sound field of uniform intensity over a wide frequency range 
(1 kHz to 10 MHz) or to eliminate the direct feedthrough of the t ransmi t te r 
voltage into the receiver . A reciprocal self-calibration method, which 
hopefully will eliminate these shortcomings, is currently under investigation. 

The high level of activity of acoust ic-emission monitoring 
of fatigue specimens during the heating and cooling cycle was t raced to the 
fast heating rate of the t ransducer . This activity is manifested by voltage 
spike pulses, which reverse polarity when changing from heating to cooling. 
The effect could be greatly reduced by using a slow heating rate or a 
pressure-contact transducer instead of a brazed t ransducer . 

The monitoring of acoustic emission in cyclic fatigue of 
stainless steel specimens resulted in the determination of the optimum 
bandpass between 20 and 150 kHz under the existing background noise of 
the test arrangement. To determine the correlat ion between the number of 
emission pulses andthe major surface cracks , the test was interrupted after 
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the f i r s t few e m i s s i o n p u l s e s o c c u r r e d , and the s p e c i m e n w a s e x a m i n e d 
m i c r o s c o p i c a l l y . A l t h o u g h the c o r r e l a t i o n w a s good, s u r f a c e m i c r o c r a c k s 
d id not r e c o r d on the r e c o r d e r t r a c e . 

E x p e r i m e n t s a r e u n d e r w a y to i n c r e a s e the s e n s i t i v i t y of 
the m e t h o d and to find w a y s of d e t e r m i n i n g if c r a c k s i n i t i a l l y d e v e l o p on ly 
on the s u r f a c e of the s p e c i m e n o r in i t s i n t e r i o r . 

B . C o r e M a t e r i a l s A p p l i c a t i o n s 

1. C o r e D e s i g n T e c h n o l o g y 

a. E m p i r i c a l A s s e s s m e n t of Swe l l i ng and C r e e p C o r r e l a t i o n s . 

P . R. H u e b o t t e r and T . R. Bunnp, P r o g r a m C o o r d i n a t i o n ( L a s t 
r e p o r t e d : A N L - 7 7 8 3 , p p . 6 1 - 6 4 , F e b 1971) 

C o n t e m p o r a r y L M F B R c o r e d e s i g n r e q u i r e s r e l i a b l e e x p r e s s i o n s 
for f a s t - n e u t r o n - i n d u c e d s w e l l i n g and r a d i a t i o n - e n h a n c e d c r e e p of s t a i n l e s s 
s t e e l , a s w e l l a s a n u n d e r s t a n d i n g of i n t e g r a l s w e l l i n g - c r e e p e f fec t s on 
c o r e s t r u c t u r a l connponen t s . E x i s t i n g c o r r e l a t i o n s invo lve c o n s i d e r a b l e un ­
c e r t a i n t y and a r e b a s e d on c o n t r o l l e d e x p e r i m e n t s to a f l uence t h a t is a 
s m a l l f r a c t i o n of F T R and L M F B R D e m o n s t r a t i o n P l a n t t a r g e t s . 

C o r e c o m p o n e n t s r e m o v e d f r o m E B R - I I , a t f l u e n c e s now a p ­
p r o a c h i n g t h e s e t a r g e t s , e x h i b i t d e f o r m a t i o n s t h a t a r e a t t r i b u t a b l e to a 
c o m b i n a t i o n of s w e l l i n g and c r e e p . T h e s e d e f o r m a t i o n s a r e b e i n g a n a l y z e d 
to a s c e r t a i n the r e l i a b i l i t y of e x i s t i n g s w e l l i n g and c r e e p c o r r e l a t i o n s and 
to g a i n f u r t h e r i n s i g h t in to the r e s p o n s e of s t a i n l e s s s t e e l , in t y p i c a l c o r e 
s t r u c t u r a l a p p l i c a t i o n s , t o the L M F B R e n v i r o n m e n t . The E B R - I I P r o j e c t 
p r o v i d e s the n e u t r o n f l u x e s , t e m p e r a t u r e s , and n o n d e s t r u c t i v e m e a s u r e ­
m e n t s e m p l o y e d in the a n a l y s e s . D e s t r u c t i v e m e a s u r e m e n t s a r e o b t a i n e d 
f r o m E B R - I I and o t h e r p r o j e c t s w i t h i n ANL and f r o m o t h e r p a r t i c i p a t i n g 
Un i t ed S t a t e s l a b o r a t o r i e s . 

(1) W r a p p e r Tube on E x p e r i m e n t a l A s s e m b l y XA08 
(T- R. Bunnp) . A d d i t i o n a l z e r o - r e s t r a i n t , w r a p p e r - t u b e - b o w d i s p l a c e m e n t s 
w e r e c a l c u l a t e d w i t h the GROW c o d e , u s i n g a m o r e r e c e n t WADCO c o r r e l a ­
t i o n for s w e l l i n g of s o l u t i o n - t r e a t e d s t e e l . * The m a x i m u m c a l c u l a t e d d i s ­
p l a c e m e n t i s s o m e w h a t l e s s t h a n t h a t o b t a i n e d w i t h the e a r l i e r B N W L - W A R D 
c o r r e l a t i o n , 0 .112 i n . v e r s u s 0 .138 i n . H o w e v e r , b o t h c a l c u l a t e d d i s p l a c e ­
m e n t s a r e s u b s t a n t i a l l y l a r g e r t h a n the m e a s u r e d v a l u e (0 .053 + 0 .014 in . ) 
and the c a l c u l a t e d v a l u e o b t a i n e d w i t h the A N L c o r r e l a t i o n (0 .065 i n . ) . Add i ­
t i o n a l d e n s i t y m e a s u r e m e n t s a r e b e i n g m a d e by the E B R - I I P r o j e c t to e s ­
t a b l i s h the d e n s i t y - d i s t r i b u t i o n m a p for the t u b e . The c a l c u l a t i o n of 

*H. R. Brager et al., Irradiation Produced Defects in Austenitic Stainless Steel, WHAN-FR-16, 11 (Dec 1970). 
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d i s p l a c e m e n t s , using the dens i t y v a l u e s , should i n d i c a t e w h e t h e r the m e a s ­
u r ed d i s p l a c e m e n t s w e r e inf luenced by c r e e p . 

F i g u r e V.6 shows the r e s u l t s of add i t i ona l A X I C R P c a l c u l a ­
t ions m a d e in an effort to r e p r o d u c e the m o a t o b s e r v e d a r o u n d the w r a p p e r -

tube s p a c e r p a d s . A c e n t r a l l y loaded , c i r ­
c u l a r , f l a t -p l a t e (disk) r e p r e s e n t a t i o n and 
a s o l u t i o n - t r e a t e d s t e e l c r e e p c o r r e l a t i o n * 
w e r e employed . The cond i t ions for C u r v e A 
a r e : (a) The d i sk edge is p r e v e n t e d f r o m 
ro ta t ing (by app l i ca t i on of a s u i t a b l e p r e s ­
s u r e d i s t r i b u t i o n ) but is f r ee to m o v e r a ­
dia l ly ; (b) 4600 p s i a r e added to the edge 
p r e s s u r e s ; (c) a 25 - lb pad load is m a i n ­
ta ined ; and (d) the e l a p s e d t i m e is 9580 h r . 
(Effective fu l l - load e x p o s u r e t i m e of the 
pads was about 10,300 h r . ) The added 
p r e s s u r e s w e r e in tended to s i m u l a t e c o m ­
p r e s s i v e s t r e s s e s p r o d u c e d by s w e l l i n g . 
These s t r e s s e s could have b e e n as h igh as 
200,000 ps i at the end of e x p o s u r e , if the 
w r a p p e r - t u b e c o r n e r s had b e e n fixed and 
no c r e e p o c c u r r e d , but of c o u r s e n e i t h e r 
condi t ion was m a i n t a i n e d . In add i t ion , the 
c o m p r e s s i v e s t r e s s e s ex i s t c i r c u m f e r e n -

t i a l ly only, in a w r a p p e r tube f ree to bow, so that the edge p r e s s u r e s on the 
s i m p l e d isk r e p r e s e n t a t i o n should p r o p e r l y s i m u l a t e a v e r a g e r a t h e r than 
m a x i m u m c o m p r e s s i v e s t r e s s e s . No s ign of m o a t f o r m a t i o n is a p p a r e n t 
in Curve A, which sugges t ed that the effects of h ighe r pad load m e r i t e d 
fu r the r s tudy. 

-PAD LOAD 1/ ^^ 

^^^\\\ \ \ \ \ \Wx\\\ \ \ \ \V\\^ 

RA0I4L DISTANCE FROM PAD CENTER, IN. 

Fig. V.6. Permanent Displacement vsRadial 
Distance from Spacer-pad Center 
for EBR-II Assembly XA08 Wrapper 
Tube. Neg. No. MSD-54241. 

T h e c o n d i t i o n s f o r C u r v e B a r e s i m i l a r t o t h o s e f o r C u r v e A, 

e x c e p t t h a t t h e p a d l o a d i s 50 l b , a n d t h e e l a p s e d t i m e i s 1 0 , 7 0 0 h r . A l t h o u g h 

C u r v e B s t i l l d o e s n o t c o m e c l o s e t o d u p l i c a t i n g t h e m e a s u r e d c u r v e , a t 

l e a s t s o m e d e g r e e of s i m i l a r i t y i s s e e n . F e w a d d i t i o n a l c a l c u l a t i o n s of t h i s 

t y p e a r e p l a n n e d u n t i l A X I C R P h a s b e e n m o d i f i e d t o a c c o u n t f o r t h e l o c a l 

s w e l l i n g e f f e c t s t h a t h a v e b e e n o b s e r v e d ( s e e P r o g r e s s R e p o r t f o r N o v e m ­

b e r 1 9 7 0 , A N L - 7 7 5 8 , p p . 5 - 6 ) a n d t h a t m i g h t i n f l u e n c e m o a t f o r m a t i o n . 

A c c o r d i n g t o r e c e n t B O W - V c a l c u l a t i o n s , * * t h e p a d l o a d s 
s h o u l d b e l e s s t h a n 25 l b , r a t h e r t h a n m o r e . H o w e v e r , t h e r e i s e v i d e n c e 
t h a t t h e c r e e p e q u a t i o n u s e d p r e d i c t s e x c e s s i v e c r e e p ( s e e b e l o w ) . T h e r e ­
f o r e , t h e p o s s i b i l i t y e x i s t s t h a t p a d l o a d s i n t h e r e a c t o r a r e h i g h e r t h a n 
c a l c u l a t e d . 

•E. R. Gilbert and L. D. Blackburn, Irradiation-induced Creep in Austenitic Stainless Steel, WHAN-FR-30, 1 
(Oct 1970). ^ 

**D. Mohr, Argonne National Laboratory (EBR-II Project), private communication (Mar 1971). 
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(2) Fuel -e lement Claddings in Experimental Assembly X040A 
(T. R. Bump). Additional cladding-bow displacements were calculated for 
Elements B-5 and B-16, using the CRASIB code, the more recent WADCO 
swelling corre la t ion, and the LIFE-I (NOH = 0 option) c reep corre la t ion.* 
The la t ter corre la t ion includes the rma l as well as flux c reep . The maxi ­
mum calculated bow was 1.08 in., which is even la rger than the 0.98-in. 
value reported previously. It is not now believed that the assumption of a 
large degree of res t ra in t during operation is responsible for the calculated 
values being so much l a rger than the 0.10 to 0.18-in. measured values. The 
WADCO fuel-element-bundle compress ion test resul t s** indicate that it takes 
about 0.17 psi to compress a bundle 1 mil , and the maximum calculated p r e s ­
sure the res t ra ined elements exert is at most 3 psi . 

The explanation for the discrepancy may be radiation 
hardening of the s tee l . To permi t study of this effect, the SCIM code, 
which accounts for age hardening,t is being incorporated into CRASIB. 

*V. Z. Jankus and R. W. Weeks, LlFE-I. a FORTRAN-IV Computer Code for the Prediction of Fast-reactor 
Fuel-element Behavior, ANI^7736, 49 (Nov 1970). 

**R. B. Baker and D. E.Blahnik. CCTL Mark I and Mark II Protolype FFTF Subassembly Compression Test 
Development Work, WHAN-FR-18, 6.5 (Aug 1970). 

TS. D. Haricness, J. A. Tesk, and C-Y Li, An Analysis of Fast Neutron Effects on Void Formation and 
Creep in Metals, Nucl. Appl, Tech. 9, 24-30 (July 1970). 
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P U B L I C A T I O N S 

D i e l e c t r i c Loss in F l u o r i d e C r y s t a l s 
E. B a r s i s * and A. T a y l o r 

P h y s . Rev . B3(4), 1506-1507 (Feb 1971) 

D e f o r m a t i o n of UOj a t High T e m p e r a t u r e s 
R. F . Canon, J . T. A. R o b e r t s , and R. J . B e a l s 

J . Am. C e r a m . Soc. 54(2), 105-112 (Feb 1971) 

C r y s t a l S t r u c t u r e s of URhGe, HoNiGe, and Re l a t ed C o m p o u n d s 
A. E. Dwight 

P r o g r a m Book, Am. C r y s t . A s s o c . Win te r Mtg . , Tu lane U n i v e r s i t y , 
New O r l e a n s , M a r 1-5, 1970, No. D2, p . 31 A b s t r a c t 

C r y s t a l S t r u c t u r e s of P u F e A l , PuRhGa , Pu2AlGa3, and R e l a t e d C o m p o u n d s 
A. E. Dwight 

P r o g r a m Book, Am. C r y s t . A s s o c . S u m m e r Mtg . , C a r l e t o n U n i v e r s i t y , 
Ot tawa, Canada , Aug 16-22 , 1970, No. 12, p . 59 A b s t r a c t 

C r y s t a l S t r u c t u r e s of Some U r a n i u m I n t e r m e t a l l i c Compounds 
A. E. Dwight 

P r o g r a m Book, Am. C r y s t . A s s o c . Win te r Mtg . , U n i v e r s i t y of 
South C a r o l i n a , Co lumbia , J a n 3 1 - F e b 4, 1971, No. F 1 2 , p . 40 
A b s t r a c t 

*Sandia Corp. 
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VI. FUEL CYCLE 

A. Molten Metal Decladding of LMFBR Fuels . D. S. Webster (02-173) 

A head-end l iquid-metal p rocess for preparing spent stainless 
s teel-clad oxide fuel for subsequent reprocess ing steps is under study. 
Stainless steel cladding is f i rs t dissolved in liquid zinc having an overlying 
salt layer , the resul t ing z inc-s tee l solution is separated from the unreacted 
(U,Pu)02 fuel, and the fuel oxide is reduced to metal and dissolved in the 
reduction solvent. (This p roces s may also be applicable for the removal of 
Zircaloy cladding.) 

1. Engineering Developments. R. D. P ie rce (Last reported: ANL-7783, 
pp. 82-83, Feb 1971) 

a. Reduction of UO2 Pel le t s 

Three additional oxide reduction runs (Mg-Zn-RlO to -R12) 
have been completed in which UOj, a stand-in for (U,Pu)02, was reduced to 
metal by contacting it with sa l t -meta l sys tems. The purpose of two of 
these runs (Mg-Zn-RlO and -RI2) was to determine the pract ical limit of 
CaO loading of the salt ( i .e. , the maximum loading at which good separation 
of the salt phase from,the metal phase is attained and the reduction ra te of 
UO2 pellets is adequate). The advantage of a high CaO loading would be to 
decrease the volume of waste salt that must be stored. 

In run Mg-Zn-RlO, the sa l t -meta l system was CaCl2-20 mol % 
CaF2/Zn-29 at. % Mg-6 at. % Ca, and in run Mg-Zn-R12, CaCl2-20 mol % 
CaF2/Mg-17 at. % Zn-9 at. % Ca was used. Samples of the metal were 
taken during each run, as well as samples of the metal and salt phases at 
the end of a run. All samples a re being analyzed for uranium. Samples of 
the Mg-17 at. % Zn-9 at. % Ca alloy (in which uranium is near ly insoluble) 
were taken at in tervals and a r e being analyzed for calcium to determine 
the ra te of UO2 reduction. 

In other work, the minimum CaF2 concentration in the feed salt 
that is associated with good separat ion of the salt phase from the metal 
phase at the end of a reduction is being determined. Reducing the fluoride 
concentration in the salt used in the reduction step is des i rable since some 
salt may adhere to the uranium and plutonium metal products which a r e 
subsequently dissolved in nitr ic acid and fed to aqueous extract ion steps; 
fluoride ion in acid solution is highly cor ros ive to the s tainless steel equip­
ment used in aqueous p r o c e s s e s . (Chloride salt remaining ^vould be r e ­
moved during the vacuum evaporation step, which is proposed to concentrate 
the plutonium alloy p r io r to acid dissolution.) 

In run M g - Z n - R l l , UO2 pel le ts were contacted with a me ta l - s a l t 
sys tem containing no CaF2-- specifically, Zn-29 at. % Mg-6 at. % Ca/CaCl2. 



Separation of the salt phase from the metal phase was poor. Melt samples 
taken at intervals during the run and salt and metal samples taken after the 
run are being analyzed for uranium. 

Analytical resul ts have been obtained for two ea r l i e r runs (see 
ANL-7783) made with CaCl2-20 mol % CaFj and either Zn-29 at. % Mg-
6.6 at. % Ca or Mg-17 at. % Zn-4 at. % Ca. Analyses of the s t reams for 
the run with a zinc-r ich alloy gave an overall uranium mater ia l balance of 
100 ± 0.5% and indicated that 99% of the uranium had been reduced to metal , 
confirming that the reduction system used is pract ical . Analysis of the 
magnesium-rich alloy at the end of the run showed that 91% of the uranium 
charged was in solution. The overall mater ia l balance was poor but the 
reduction is believed to have been >99% complete. 

Approximately three additional oxide reduction experiments will 
be made with a salt containing less than 20 mol % CaFz to determine the 
minimum CaFj concentration at which sal t-metal phase separation is good. 

2. P rocess Demonstration Experiments. R D. P ie rce (Last reported: 
ANL-7765, p. 80, Dec 1970) 

a. Irradiated-fuel Experiments 

Two additional experiments to test the apparatus and procedures 
that will be used to demonstrate the decladding and reduction of i r radiated 
fuel have been completed outside the shielded facility, using nonirradiated 
stainless steel tubes containing UO2 pellets and simulated fission gases. In 
the first of two decladding-reduction experiments, the UOj pellets could not 
be removed from the basket during the reduction step. The base of the 
basket was changed from a conical shape to a cylindrical shape, and in the 
second run, the oxide pellets were completely removed from the basket into 
the reduction alloy. 

Results for the first run also indicated that the volume of the 
Molecular Sieve traps which will be used for collecting the fission gases 
was too small. Larger traps were installed that appeared to perform sat­
isfactorily during the second run. 

This apparatus is being installed in the shielded facility for 
work with irradiated fuel. Two irradiated fuel pins a re en route to our 
laboratory, 

B LMFBR Reprocessing--Plutonium Isolation. D. S Webster 
A. A. Jonke, G, J. Bernstein (02-159) 

1- Centrifugal Contactors for Plutonium Handling (Last reported: 
ANL-7783, pp. 80-81, Feb 1971) 

Performance testing continues for a stainless steel centrifugal 
contactor having critically favorable dimensions ' 



high-plutoniunn LMFBR fuel. The size of the nnixing chamber baffles was in­
creased , and the ea r l i e r reported flow surging {see ANL-7783) was essen­
tially eliminated in runs with dilute ni tr ic acid and Ultrasene (refined 
kerosene) . This modification had the effect of reducing the pumping ca­
pacity through the mixing chamber and resulted in more uniform flows. 

P re l imina ry runs were made to measure maximum total flow 
through the contactor under conditions giving desired phase separation (less 
than 1% entrainment of either phase in the other phase). With 0.03M HNO3 
as the aqueous phase and Ultrasene as the organic phase, throughputs were 
deternnined at rotor speeds of 2500 to 3500 rpm. Throughputs were "IZ, 
--14, and ~18 gpm at aqueous-to-organic (A/O) flow ra tes of 1:3, 1:Z, and 
1:1 and a rotor speed of 3500 rpm. In a run at a rotor speed of 2000 rpm 
with 0.5M HNO3 aqueous phase and an organic phase consisting of 1 5 vol % 
tributyl phosphate (TBP) in Ultrasene at an A/O flow ratio of 1:1, phase 
separation was not as readi ly achieved and throughput was 4 gpm. Some 
flow surging was evident in the run with TBP, indicating that further eval­
uation of the pumping charac te r i s t i c s of the unit is needed. 

C. LMFBR Fuel Mater ia ls P repara t ion- - u / P u Nitrates to 
Oxides. A. A. Jonke and N. M. Levitz (02-157; 
last reported: ANL-7783, pp. 83-84, Feb 1971) 

A fluid-bed denitration process is under developnnent for converting 
U/Pu ni t ra tes in ni tr ic acid solutions to mixed oxides suitable for the fab­
rication of fuel shapes. 

1. Crystal l izat ion Tempera tu res for U02(N03)2-Pu(N03)4 Solutions 

In cur rent laboratory work, measurenaents were continued of the 
crystal l izat ion t empera tu res of dilute ni tr ic acid solutions containing ura-
anium and plutonium in concentrations totaling 1 to 2M. Information on 
solubility linnits is pertinent to the selection of the range of feed solution 
compositions for the fluid-bed denitration process . The crystal l izat ion 
tempera tures for 10 solutions have been determined (see Table VI.1); each 
value represen t s an average of two or three measurennents. In these solu­
tions, approximately 30% of the plutonium was present as the hexavalent 
(plutonyl) ion. 

The effect of a given change in nitr ic acid concentration appears to 
diminish as the acid concentration inc reases . For exannple, an increase in 
acid concentration from 2 to 3.4M gave an increase of 12°C in the crys ta l l i ­
zation t empera tu re for a solution containing 1.28M U and 0.34N1 Pu. A 
similar increase in acid concentration from 3.4 to 4.8M increased the 
crystal l izat ion t empera ture by only 5.6°C. Also, replacement of some ura-
niunn with plutonium lessened the sensitivity of crystal l izat ion tempera ture 
to ni t r ic acid concentration. 
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TABLE V I . 1 . C r y s t a l l i z a t i o n Temperatures of 
U-PU-HNO3 Solut ions 

Solution 

U 

1.6 

1.6 

1.6 

1.28 

1.28 

1.28 

1.40 

1.12 

1.12 

0.98 

0.70 

Composi 

Pu 

0.2 

0.3 

0.4 

0.34 

0.34 

0.34 

0.0 

0.28 

0,28 

0.42 

0.70 

tion, M 

HNO, 

2.0 

2.0 

2.0 

2.0 

3.4 

4.8 

3.4 

3.4 

4.8 

3.4 

3.4 

U/Pu 
Ratio 

8.0 

5.3 

4.0 

3.8 

3.8 

3.8 

4.0 

4.0 

2.3 

1.0 

Measured 
Crystallization 

Temp., °C 

13.2 

15.9 

18.0 

3.2 

15.3 

20.8 

17.2^ 

10.2 

17.6 

5.3 

1.5 

^Extrapolated from l i terature data on UNH solubi l i ty . 

The effect on crystallization temperature of replacing some of the 
uranium with plutonium (at a fixed nitric acid concentration and a fixed total 
heavy-metal concentration) was studied. The data (see Table VI. 1) indicate 
that increased substitution lowers the crystallization temperature . 

The uranium-plutonium-HNOj system conforms to general phase-
rule behavior. That is, the replacement of a portion of a solute with an­
other solute (in this case, plutonium nitrate) without changing the total solute 
molarity or the nitric acid concentration resulted in a lowering of the c rys­
tallization temperature. It is believed that the mater ia l that has initially 
precipitated in the uranium-rich systenns tested to date is uranyl nitrate 
hexahydrate (UNH). Additional tests will be made with high-plutonium so­
lutions to help locate the invariant point (where precipitated uranyl nitrate 
and plutonium nitrate are in equilibrium with the liquid). This datum is 
important to this application for criticality safety reasons, i.e., to avoid 
conditions under which plutonium nitrate could precipitate. 

The solution composition tentatively planned for our fluid-bed ex­
periments is 1.44M_ uranyl nitrate, 0.36M^ plutonium nitrate, and 2.ONI nitric 
acid. This highly concentrated feed should give a high process throughput. 
The temperature of crystallization for such a solution should be approxi­
mately 13°C. Normally, solutions will be at ambient temperature during 
operations. 
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These measurements will be repeated with s imilar uranyl n i t ra te-
plutoniunn n i t ra te -n i t r i c acid solutions in which all the plutonium is 
quadrivalent. 

D. LMFBR Fuel Fabr ica t ion- -Analyses and Continuous Process ing . 
~ A. A. Jonke and M. J. Steindler (02-158) 

Analytical methods for reac tor fuel a re being developed to measure 
rapidly, prec ise ly , and accura te ly p re i r rad ia t ion proper t ies that a re 
strongly related to fuel performance in fast r eac to r s . 

1. P u / u Ra t io inFue l s (Last reported: ANL-7776, pp. 91-93, Jan 1971) 

X- ray f luorescence is being studied as an in-line method for de ter ­
mining P u / u rat io in PUO2-UO2 fuel ma te r i a l s , with U02-Th02 being used 
as a stand-in for PUO2-UO2. X- ray fluorescence analysis is a sensitive 
nondestructive method in which exciting radiation impinges on a sample 
and causes the emiss ion of radiation that is charac ter i s t ic of the elements 
present . 

Emiss ion lines of impuri ty elements that might possibly interfere 
with the use of X- ray f luorescence analysis of U-Pu oxides were identified, 
and the line intensit ies of impur i t ies at the expected or specified concen­
trat ions in fuel ma te r i a l were compared with the line intensities of pluto­
nium and uraniunn at their expected concentrations. 

In the group of inapurity e lements having L spectra in a region of 
possible in ter ference , protact inium, neptunium, and amer ic ium mer i t 
connment. They would not be present in the plutonium used in the fabrica­
tion of F F T F fuel, but might be present in subsequent LMFBR fuels. How­
ever, these elements will probably not be present at high enough 
concentrations to have to be considered as possible in ter ferences . 

Within the se r i e s of e lements having K spectra in a region of pos­
sible in ter ference , s trontium is the only possible interference if p resent 
at a concentrat ion grea te r than 100 ppm. Because F F T F specifications 
provide a maxinnum calcium concentration of 250 ppm, and because 
strontium nnight be incorporated with calcium as a resul t of their chemical 
sinailarity, the p resence of greater than 100 ppm strontium in the fuel 
mate r ia l seems unlikely. 
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PUBLICATIONS 

The EBR-II Skull Reclamation P rocess . Par t V. Design and Development 
of Plant-scale Equipment 

G. J. Bernstein, D. E. Grosvenor, J. F . Lenc, W. E. Miller, I. O. Winsch, 
J. Wolkoff, and R. C. Paul 

ANL-7772 (jan 1971) 

Chemical Engineering Division Fuel Cycle Technology Quarter ly Report, 
October, November, December 1970 

D. S. Webster, A. A. Jonke, G. J. Bernstein, N. M. Levitz, R. D. P ie rce , 
M. J. Steindler, and R. C. Vogel 

ANL-7767 (jan 1971) 
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VII. R E A C T O R P H Y S I C S 

A. Z P R F a s t C r i t i c a l E x p e r i n n e n t s 

1. F a s t C r i t i c a l F a c i l i t i e s ; E x p e r i n n e n t s and E v a l u a t i o n s - - I l l i n o i s 

( 0 2 - 1 7 9 ) 

C l e a n C r i t i c a l E x p e r i n n e n t s , R. A. L e w i s ( L a s t r e p o r t e d : 
A N L . 7 7 8 3 , p p . 1 3 - 1 4 , F e b 1971) 

(1) R a d i a l R e a c t i v i t y W o r t h D i s t r i b u t i o n s in Z P R - 6 A s s e m b l y 7. 
T h e r e a c t i v i t y w o r t h s of s o d i u m , p l u t o n i u m (98.9% ^^''Pu), d e p l e t e d u r a n i u m , 
T y p e 304 s t a i n l e s s s t e e l , and t a n t a l u m w^ere m e a s u r e d at s e v e r a l p o i n t s 
a l o n g a r a d i u s l o c a t e d a t the a x i a l m i d p l a n e of Z P R - 6 A s s e m b l y 7. S a m p l e s 
a p p r o x i m a t e l y 2.0 in . long and 0.87 in . in d i a m e t e r ( e i t h e r so l id c y l i n d e r s 
o r a n n u l a r in s h a p e ) w e r e o s c i l l a t e d b e t w e e n f ixed p o i n t s on the r a d i u s and 
a p o i n t e x t e r n a l to the c o r e . T h e r e a c t i v i t y c h a n g e w a s m e a s u r e d wi th a 
c a l i b r a t e d a u t o r o d w h i c h h e l d the p o w e r c o n s t a n t . 

F i g u r e VII . l i s a v e r t i c a l s e c t i o n t h r o u g h t h e c o r e showing 
the a r r a n g e m e n t of the s a m p l e , s a m p l e h o l d e r , s a m p l e t ube , s a m p l e tube 

s u p p o r t t r a y , a s s e m b l y nna t r ix , and 
p l a t e d r a w e r s . T h e d i r e c t i o n of the 
v i ew i s h o r i z o n t a l l y a long t h e r a d i u s . 
T h e Z P R p l a t e s a r e p o s i t i o n e d in 
t h e sanne p l a n e a s t h a t of F i g . V I I . l . 
Al l the s t r u c t u r a l p i e c e s shown in 
F i g . VI I . l a r e T y p e 304 s t a i n l e s s 
s t e e l . 4 

CORE-STATIONARY HALF CORE - MOVEABLE HALF 

^AXIAL MIDPLANE 

R a d i a l - w o r t h c u r v e s for p l u -
toniunn and s o d i u m a r e shown in 
F i g s . VII.2 and VI I .3 , and the s a m ­
p l e \ve igh t s a r e i n d i c a t e d on e a c h 
f i g u r e . The s o d i u m v a l u e s h a v e 
r e l a t i v e l y l a r g e e x p e r i m e n t a l u n ­
c e r t a i n t i e s , due m o s t l y to the s m a l l 
s i g n a l a v a i l a b l e f r o m the s m a l l nnass 
of s o d i u m in the s a m p l e . T h e m e a s -
u r e n n e n t u n c e r t a i n t i e s i n d i c a t e d in 
F i g s . VII.2 and VII .3 i n c l u d e only 

the randonn e r r o r s a s s o c i a t e d w i th t h e s c a t t e r in the m e a s u r e d d a t a . T h e 
so l id c u r v e s in F i g s . VII.2 and VII .3 do not r e p r e s e n t a fit to the d a t a , bu t 
a r e i n c l u d e d on ly a s an aid in v i s u a l i z i n g t h e r a d i a l s h a p e s . 

Fig. VII.X. Venical Section of ZPR-6 Assembly 7, 
Showing Arrangement of the Sample and 
Radial Sample-changer Tube in Assembly 

file:///veights
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ASSEMBLY RADIUS, 

Fig. VII.2 

Spatial Distribution of the Reactivity Worth of 
Plutonium Measured Radially at the Axial 
Midplane (Z = 0) of ZPR-6 Assembly 7 

ASSEMBLY RADIUS. 

Fig. VII.3 

Spatial Distribution of the Reactivity Worth 
of Sodiunt Measured Radially at the Axial 
Midplane (Z = 0) of ZPR-6 Assembly 7 

b. Mockup C r i t i c a l E x p e r i m e n t s . J . W. D a u g h t r y ( L a s t r e p o r t e d : 
ANL-7783 , pp. 14-19 , F e b 1971) 

(1) D e s c r i p t i o n of Z P R - 9 Assennbly 27 (J . W. D a u g h t r y and 
C. D. Swanson). Z P R - 9 A s s e m b l y Z7 is the F a s t T e s t R e a c t o r E n g i n e e r i n g 
Mockup C r i t i c a l ( F T R - E M C ) . The ob jec t ives of the e x p e r i m e n t s to be 
p e r f o r m e d with the EMC a r e to ver i fy the n e u t r o n i c s c h a r a c t e r i s t i c s of the 
FTR p r e l i m i n a r y des ign and to p rov ide da ta for fixing final d e s i g n p a r a m ­
e t e r s , such as fuel enr ic luments and bo ron loading in c o n t r o l and safe ty r o d s , 
and for a s s e s s i n g power d i s t r i b u t i o n s , f i x e d - s h i m m e t h o d s , t e s t - l o o p load ing 
effects , safety c h a r a c t e r i s t i c s , and end-of - l i f e cond i t i ons . 

The F T R is the m a i n componen t of the F a s t F l u x T e s t 
F a c i l i t y ( F F T F ) being buil t p r i m a r i l y for f a s t - r e a c t o r fuel t e s t i n g . The 
F T R is to be a p lu ton ium-fue led , s o d i u m - c o o l e d , fas t r e a c t o r wi th a c o r e 
volume of 1034 l i t e r s (cold) des igned to o p e r a t e at 400 MW. It i s to be 
m a d e up of hexagonal s u b a s s e m b l i e s equal in c r o s s - s e c t i o n a l a r e a to 



a p p r o x i m a t e l y 4.1 Z P R - 9 m a t r i x t u b e s . T h i s , in i t se l f , c o n s t i t u t e s a l i m i t a ­
t ion to t h e d e g r e e of a c c u r a c y of the m o c k u p . 

With in t h e c o n s t r a i n t s i naposed by the Z P R - 9 m a t r i x and 
d r a w e r s and the a v a i l a b l e m a t e r i a l i n v e n t o r y , t h e E M C wi l l a p p r o x i m a t e , 
a s c l o s e l y a s p o s s i b l e , t h e c u r r e n t d e s i g n of t h e F T R , In p a r t i c u l a r , the 
E M C wi l l be s i n n i l a r to the F T R in f i s s i l e nnas s and in the a t o m d e n s i t i e s 
and volunfies of e a c h r e g i o n and in the l o c a t i o n s of the t e s t l o o p s and c o n t r o l , 
s a f e t y , and s h i m r o d s . T h e l e n g t h of t h e Z P R - 9 m a t r i x l i m i t s the e x t e n t of 
t h e a x i a l m o c k u p to a p p r o x i n n a t e l y 47 in. f r o m the m i d p l a n e of t h e r e a c t o r . 
Bo th t h e s i z e of t h e m a t r i x and t h e l i m i t e d i n v e n t o r y of s t a i n l e s s s t e e l p r e ­
ven t t h e m o c k u p of the connp le te r a d i a l s h i e l d . 

T h e E M C e x p e r i m e n t s c o n s t i t u t e P h a s e C of the F F T F 
C r i t i c a l E x p e r i n n e n t s P r o g r a m . T h e y a r e r e l a t e d to t h e e x p e r i m e n t s p r e ­
v i o u s l y p e r f o r m e d in P h a s e s A and B of the s a m e p r o g r a n n . H o w e v e r , wh i l e 
the P h a s e A and B e x p e r i n n e n t s w e r e u s e d to s tudy i d e a l i z e d nnodels of the 
F T R in c l e a n e x p e r i m e n t s , the E M C e x p e r i n n e n t s wi l l be p e r f o r m e d in 
a s s e m b l i e s w h i c h wi l l r e p r o d u c e a s c l o s e l y a s p o s s i b l e the a c t u a l c o n f i g u r a ­
t ion a n t i c i p a t e d for the F T R . 

T h e F T R i t s e l f wi l l h a v e a v a r i e t y of c o n f i g u r a t i o n s d u r i n g 
i t s o p e r a t i n g l i fe , s u c h a s t h e b e g i n n i n g - o f - l i f e , e n d - o f - f i r s t c y c l e , b e g i n n i n g -

o f - e q u i l i b r i u n n c y c l e , and e n d -
I ASSEMBLY 27 BIO HOD LOCATION o f -equ l l lb r luHn c y c l e . 
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Fig. VII.4. FTR-EMC Initial End-of-CycIe Configura­
tion (EOC-1) with Depletion Pattern 

T h e i n i t i a l c o n f i g u r a t i o n 
of the e n g i n e e r i n g m o c k u p w a s 
if l tended to a p p r o x i m a t e the 
e n d - o f - c y c l e (EOC) c o n d i t i o n s 
of the F T R . 

T h e p a r t of the E M C 
t h a t r e p r e s e n t s the t op ha l f of 
t h e F T R w a s l o a d e d in to the 
m o v a b l e ha l f of the Z P R - 9 
m a t r i x . F i g u r e VII .4 r e p r e ­
s e n t s the f ron t f ace of the 
s t a t i o n a r y half of Z P R - 9 when 
t h e r e a c t o r i s l o a d e d wi th t h e 
E O C c o n f i g u r a t i o n . T h i s c o r r e ­
s p o n d s t o a c u t a w a y v i ew a t t h e 
m i d p l a n e of t h e F T R l o o k i n g 
v e r t i c a l l y down . T h e v a r i o u s 
r e g i o n s of the a s s e m b l y a r e 
i den t i f i ed by l e t t e r s : ID ( i n n e r 
d r i v e r ) , OD ( o u t e r d r i v e r ) , RR 

( r a d i a l r e f l e c t o r ) , M T ( m a t e r i a l t e s t ) , G P ( g e n e r a l - p u r p o s e l oop ) , S P 
( s p e c i a l - p u r p o s e loop) , SR ( s a f e t y r o d ) , OSC ( o s c i l l a t o r ) , CR ( c o n t r o l r o d ) . 
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P C ( p e r i p h e r a l con t ro l rod) , and FSR (fixed sh im rod) . No r a d i a l sh ie ld i s 
r e p r e s e n t e d , but s e g m e n t s of a 1 .0 - in . - th i ck sod ium r ing s u r r o u n d t he r e ­
f lec tor ; the r ing will be comple ted and s u r r o u n d e d by a r a d i a l sh i e ld if and 
when su i tab le m a t e r i a l s b e c o m e a v a i l a b l e . 

E a c h hexagonal s u b a s s e m b l y of the F T R is ident i f ied by a 
n u m b e r which g ives the row (or r ing) in which tha t s u b a s s e m b l y i s l o c a t e d 
p lus the loca t ion in that row. In th is n u m b e r i n g s c h e m e , the c e n t r a l a s s e m ­
bly is des igna ted 101. In the f i r s t row s u r r o u n d i n g the c e n t r a l s u b a s s e m b l y . 
Row 2, t h e r e a r e s ix s u b a s s e m b l i e s n u m b e r e d f rom ZOl to Z06. In Row 3 
t h e r e a r e 12 s u b a s s e m b l i e s , 301 th rough 312, and so on. In F i g . VII.4, 
individual f o u r - m a t r i x - t u b e a r r a y s a r e ident if ied by l e t t e r s , def ined above , 
and s u b a s s e m b l y n u m b e r . 

Also shown in F i g . VII.4 a r e the l o c a t i o n s of the s ix Z P R - 9 
B r o d s . The front face of the movab l e half is the m i r r o r i m a g e of tha t 

shown in F i g . VII.4. 

E v e r y reg ion identif ied in F i g . VII.4 i s d iv ided a x i a l l y in 
sub reg ions of va r ious s i z e s and compos i t i ons d e s c r i b e d in F i g . VII .5 . The 

r eg ions r e p r e s e n t i n g the c o n t r o l , 
safety, and s h i m r o d s and the o s ­
c i l l a t o r a r e shown for both the fully 
i n s e r t e d and the fully w i t h d r a w n 
cond i t ions . In the EOC c o n f i g u r a ­
t ion, they a r e al l fully w i t h d r a w n . 
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Fig. VII.S. Regions in the Core Loading 
for the FTR-EMC on ZPR-9 

E a c h c o m p o s i t i o n i s i d e n t i ­
f i e d b y n a m e a n d n u m b e r i n F i g . V I I . S . 
T h e r e a r e a t o t a l of 2 0 , n o t i n c l u d i n g 
t h e p e r i p h e r a l s o d i u m g a p . T h e 
r e g i o n i d e n t i f i e r s a l o n g t h e l e f t e d g e 
of t h e c h a r t c o r r e s p o n d t o t h e l e t t e r s 
i n F i g . V I I . 4 . 

T h e E O C c o n f i g u r a t i o n c o r ­

r e s p o n d s t o t h e c o n f i g u r a t i o n of t h e 

F T R a t t h e e n d of a n e q u i l i b r i u m 

c y c l e , w i t h a t o t a l l y s p e n t c o r e a n d 

w i t h t h e o s c i l l a t o r , a n d a l l t h e s a f e t y 

r o d s (SR: R o w 3 ) , c o n t r o l r o d s 

( C R : R o w 5 ) , f i x e d s h i m r o d s ( F S R : 

R o w 7 ) , a n d p e r i p h e r a l c o n t r o l r o d s 

( P C : R o w 7) f u l l y w i t h d r a w n . In , , , . , . ^ , . i-̂  ^ - i^uw I ^ i u i i y w i i n a r a w n . In 
w t t h r ; r " " " " ' " ' " ^ " ^ ' ^ - P ' ^ ° - - f - e l i n t h e d r i v e r r e g i o n s w a s r e p l a c e d 
w i t h d e p l e t e d u r a n i u m . B e f o r e t h e f u e l - l o a d i n g o p e r a t i o n f o r t h e a p p r o a c h 
t o c r i t i c a l , o n e l / 4 - i n . c o l u m n of d e p l e t e d u r a n i u m w a s l o a d e d i n t o a 
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potential l / 4 - i n . Pu-U-Mo fuel colunnn location in 84 nnatrix tubes in the 
dr iver regions. The location of depleted-uraniunn columns was in the left 
fuel position in the Type A drawer pa t te rns . The 84 depleted dr iver matr ix 
tubes a r e indicated with numerals in Fig. VII.4. 

(2) Approach to Cr i t i ca l - -EOC-1 (A. B. Long, J . W. Daughtry, 
C. D. Swanson, R. B. Pond, K. E. P lumlee , and G. K. Rusch). During the 
approach to cri t ical in the initial EMC end-of-cycle configuration (EOC-l) , 
subcrit ical count-rate data were accumulated from four fission channbers, 
tw ô BF3 counters, and tv/o other sets of ZPR-9 operating ion channbers. 

Eight sequential loadings were required to bring the reactor 
to a cr i t ical configuration. The first five loadings consisted of replacing 
void cans v/ith Pu-U alloy pla tes . Each loading was done in a uniform 
nnanner throughout the inner and outer cores . The sixth loading consisted 
of replacing the rennaining void cans with fuel as well as replacing a column 
of ^̂ ^U with fuel in depletion tubes No. 84-61 (see Fig. VII.4). Loadings 
seven and eight continued the substitution of fuel for ®̂U in depletion tubes 
No. 60-50 and 49-47, respectively. The final reactor configuration is shown 
in Fig. VII.4. 

The total plutonium nnass divided by the recorded count 
rate is plotted against the total plutoniunn nnass for counters, F C l , FC2, 

and BFl in Fig. VU.6. The resul ts 
1 are normalized to one at the first 

loading. Counter FCl was plotted be­
cause it was representat ive of the 
detector at the edge of the reflector, 
FC2 because it was the only detector 
near the center of the core, and BFl 
because it was representat ive of the 
detectors on the top of the nnatrix. 

(3) Transition from Initial EOC 
to EOC-2 (A. B. Long, J . W. Daughtry, 
C. D. Swanson, and G. K. Rusch). As a 
result of changes in the FTR reference 
core maps, it was necessa ry to make 
several changes in the EMC end-of-
cycle (EOC) configuration. The initial 
EOC configuration is shown in Fig. VII.4. 

2 0 0 3 0 0 

MASS OF 239 Pu 

Fig. VII.6. Data for the Approach to Critical 
in the EOC-1 Configuration 

T h e fo l lowing c h a n g e s w e r e nnade in t h e t r a n s i t i o n to the p r e s e n t E O C - 2 
c o n f i g u r a t i o n shown in F i g . VII .7 : 

(a) T h e d e p l e t i o n p a t t e r n w a s r e v i s e d by sh i f t ing d e p l e t i o n 
n u m b e r s 8, 14, 26 , and 44 one n n a t r i x p o s i t i o n d i r e c t l y to the left and sh i f t ing 
d e p l e t i o n n u m b e r 33 one n n a t r i x p o s i t i o n d i r e c t l y to the r i g h t . 
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Fig. VII.7. FTR-EMC Revised End-of-Cycle (EOC-2) 
Configuration with Depletion Pattern 

(b) MT-505 and the 
outer driver composition in 
matr ix positions 30-20, 30-21, 
31-20, and 31-21 were removed 
and replaced with withdrawn 
control-rod assembl ies . 

(c) AH eight withdrawn 
peripheral control rods (PC), 
were removed and replaced 
with radial reflector assembl ies . 

(d) MT-401, -407, and 
-413 were removed and replaced 
with the inner dr iver . 

During the transition, 
the worths of a number of these 
substitutions were measured. 
The results are presented in 
Table VII.l. Subcritical r e ­
activities were measured by 
the rod drop-inverse kinetics 

technique and excess reactivities were determined from the position of 
calibrated control rods. The intent of these measurements was to give 
approximate worths for the various substitutions. The resul ts a re only 
approximate and have not been corrected for reactor temperature . 

TABLE V I I . l . R e a c t i v i t y Worths of Changes Made d u r i n g t h e T r a n s i t i o n from EOC-1 to EOC-2 

D e s c r i p t i o n of change 

Average 
Core 

T e m p e r a t u r e , R e a c t i v i t y , 

Average Worth 
Core of 

T e m p e r a t u r e , R e a c t i v i t y , Change, 

Remove OT~505 and r e p l a c e w i t h wi thdrawn CR-5n5 

Remove o u t e r d r i v e r and r e p l a c e w i t h 
withdrawn CR-521 2 5 . 5 

3 . Remove withdrawn PC-711 , 716, 7 0 1 , 725 and 
r e p l a c e wi th r e f l e c t o r 24 .6 

4 . Remove hrr-401 and r e p l a c e wi th ID 29 .0 

5 . Remove MT-413 and r e p l a c e w i t h ID 2 4 . 5 

+86 

- 5 9 1 

-1322 

-562 

26 .9 

2 6 . 8 

2 2 . 7 

aents. 

-472 

- 6 7 1 

+136 

R. B . 

+118 

+651 

+698 

Pond (4) FTR-3 Subcritical Reactivity Measurements 
and J. W. Daughtry 

(a) Introduction. During November 1970, experiments 
were conducted to compare and evaluate methods for measuring subcrit ical 
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reactivi ty being considered for the FTR. The experiments were done in 
ZPR-9 Assennbly 26. The general types of measurements were (1) noise 
analysis , (2) a symmet r ic source, (3) rod insert ion, and (4) source 
multiplication. 

J_. Noise Analysis . Three noise-analysis tech­
niques were attennpted: (a) Cross-power spectra l density by ORNL; 
(b) polari ty spectra l coherence by WADCO; (c) polari ty correlat ion in the 
time domain by ANL. 

The data obtained by ORNL and WADCO will be 
reported by those organizat ions. The ANL noise measurennents were un­
successful due to instrumentation problems . 

_2. Asynnmetric Source. A ^^^Cf source (410 ± 20 jug) 
was used for these measu remen t s . It was stored in a container of borax and 
paraffin outside the ZPR-9 nnatrix when not in use. The increase in the 
count ra tes and ion-channber cur ren ts due to the californium source were 
negligible when the source was in the storage container. The source could 
be t rans fe r red remotely from the storage container to the edge of the core . 
When fully inser ted in the reactor , the source was in the stationary-half 
radial reflector 26 ± 1/8 in. from the center of the core, radially, and 4 in. 
axially fronn the midplane of the core . 

3. Rod Insert ion. This method includes two techniques 
used in this se r ies of exper iments : (a) the rod-drop inverse-kinet ics tech­
nique and (b) the constant-rod technique. 

The rod-drop inverse-kinet ics technique has been 
used in previous subcri t ical i ty measurements in the FTR-3 progrann. (See 
P r o g r e s s Report for September 1970, ANL-7742, pp. 9-13.) It was used in 
essential ly the same manner during these exper iments . In the constant-rod 
technique, control rods a r e calibrated accurately with the reac tor near 
cr i t ica l . When new subcri t ical configurations a re built, the subcri t icali ty 
can be determined from the count ra tes recorded with the calibrated rods 
withdrawn and inser ted based on the worth of the calibrated rods . The 
constant-rod technique assumes that the worth of the rods is the sanne in 
the subcri t ical configuration as it was near cr i t ica l . It also assumes that 
insert ing the rods does not change the efficiency of the detector used to 
record count ra tes . When these assumptions a re not valid, calculated cor­
rect ions can be made to improve the accuracy of the nneasurement. The 
resu l t s obtained by the constant-rod technique will be given in a la ter repor t . 

_4. Source Multiplication. In this method, count r a tes 
or ion-chamber current readings a r e recorded for each configuration. When 
Sonne other method is used as a calibration, this nnethod can be used to es t i -
nnate subcri t ical i ty beyond the range of any of the other techniques. This 
technique suffers from problems of changes in detector efficiency and 
changes in source strength when plutonium is added or removed. 
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RADIAL SHIELD 

(b) Description of Initial Configuration for Subcritical 
Reactivity Measurements. The FTR-3 reference configuration was described 
in previous Progress Reports (December 1969. ANL-7655 pp. 10-13; Jan­
uary 1970, ANL-7661, pp. 15-16; February 1970, ANL-7669. pp. 27-29). The 

^ initial configuration for the sub­
criticality measurements was 
significantly different from the 
reference configuration. F ig­
ure VII.S shows the matrix 
loading pattern for loading 125, 
which was the initial configura­
tion for the subcriticality meas ­
urements . All 16 peripheral B4C 
control zones were removed and 
replaced with radial reflector 
composition. The zones marked 
by let ters in Fig. VII.S a re the 
locations of simulated FTR open 
and closed loops in FTR-3 . Suf­
ficient fuel was removed from 
the core in these zones to obtain 
the desired excess reactivity for 
the beginning of the shutdown-
margin measurements . The 
drawers labeled A in the inner-
core region contained closed-
loop Type A drawers . The rest 
of the drawers in the inner core 

loops, labeled B, contained closed-loop Type B drawers . The zones labeled 
C contained safety-rod channel composition, and the zones labeled D con­
tained open-loop composition. (These compositions are described in the 
Progress Reports for September 1970, ANL-7742, p. 9, and October 1970, 
ANL-7753, p. 15.) 

i I ! • I I 1 T T r T T T T T T B - I I I T l U L L L L 

Fig. VII.S. Initial Configuration for Subcritical 
Reactivity Measurements in FTR-3 

Neut ron d e t e c t o r s w e r e i n s t a l l e d in the a s s e m b l y at 
va r ious loca t ions for t h e s e e x p e r i m e n t s . Excep t as no ted , a l l d e t e c t o r s 
w e r e i n s e r t e d into d r a w e r s in the r a d i a l r e f l e c t o r r eg i o n so tha t one end 
of the d e t e c t o r was at the end of the d r a w e r at the m i d p l a n e of the a s s e m b l y . 
The ins ta l l a t ion of the d e t e c t o r s r e q u i r e d the r e m o v a l of r e f l e c t o r c o m p o s i ­
tion fronn the d r a w e r s . Space in the d r a w e r s not occup ied by the d e t e c t o r s , 
l e a d s , e t c . , was filled with n icke l and s o d i u m cans in a p p r o x i m a t e l y equa l 
v o l u m e s . 

The e x c e s s r e a c t i v i t y of the in i t ia l conf igura t ion for 
the subc r i t i c a l i t y m e a s u r e m e n t s a s d e s c r i b e d above w a s d e t e r m i n e d to be 
136.3 + 4.0 Ih at 30°C. S e v e r a l of the Z P R - 9 '°B and f u e l - b e a r i n g c o n t r o l 
and safety rods w e r e r e c a l i b r a t e d in th i s conf igura t ion . ' 
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(c) Loading Changes Made during Subcritical Reactivity 
Measurennents. F r o m the initial configuration described above, loading 
changes were made which provided subcri t ical configurations in which 
nneasurements were nnade using the nnethods discussed ea r l i e r to determine 
the subcrit icali ty, within the capability of the method. The changes are 
cumulative. F igure VII.9 r ep resen t s the stationary half of ZPR-9 during 
this experinnent. The nnovable half is the m i r r o r innage, except for the 
source t ransfer tube. 

RADIAL SHIELD RADIAL REFLECTOR 

Fig. VII.9 

FTR-3 Matrix Loading Diagram, Show­
ing Locations of Zones Reloaded during 
Subcritical Reactivity Experiment 

(d) R e s u l t s O b t a i n e d by the Rod D r o p - I n v e r s e K i n e t i c s 
T e c h n i q u e . S y s t e m innprovennen t s p r o v i d e d t h e c a p a b i l i t y to s t o r e d a t a fronn 
two s e t s of ion c h a m b e r s s i n n u l t a n e o u s l y . T h e f i r s t c h a n n e l of d a t a w a s o b ­
t a i n e d f r o m a s i n g l e ^°B ion channber l o c a t e d in m a t r i x p o s i t i o n M 2 3 - 2 3 in 
the a x i a l r e f l e c t o r r e g i o n . T h e end of t h e d e t e c t o r n e a r e s t the c o r e w a s 
a p p r o x i m a t e l y 6.4 in . f r o m t h e c o r e o r 24 .4 in . f r o m t h e nnidplane of t h e 
a s s e m b l y . T h e s e c o n d c h a n n e l w a s o b t a i n e d f r o m a b a n k of four ion c h a m ­
b e r s m o u n t e d above t h e s t a t i o n a r y half of t h e n n a t r i x n e a r t h e nn idp lane of 
the a s s e n n b l y . An exann ina t ion of t h e d a t a s h o w s snnall d i f f e r e n c e s in t h e 
r e s u l t s , d e p e n d i n g on the l o c a t i o n s of the r o d s d r o p p e d and the l o c a t i o n s of 
the d e t e c t o r s ( i . e . , d i f f e r e n c e s b e t w e e n the two c h a n n e l s ) . T o o b t a i n a d d i ­
t i o n a l s u b c r i t i c a l s t a t e s w i t h o u t m a k i n g a d d i t i o n a l t i n n e - c o n s u m i n g l o a d i n g 
c h a n g e s , s e l e c t e d Z P R - 9 ^°B r o d s w e r e i n s e r t e d . 

T e m p e r a t u r e c o r r e c t i o n s w e r e b a s e d on a m e a s u r e d 
v a l u e of - 3 . 3 9 I h / ° C for t h e t e m p e r a t u r e coe f f i c i en t of r e a c t i v i t y . T h e 
nnethod of e s t i m a t i n g the u n c e r t a i n t y in t h e e x p e r i n n e n t a l r e s u l t s i s d e s c r i b e d 
in t h e P r o g r e s s R e p o r t for S e p t e m b e r 1970, A N L - 7 7 4 2 , p p . 1 1 - 1 2 . 
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(e) Source Multiplication Data. At each configuration 
during these measurements , ion-chamber current readings and detector 
count rates were recorded from the '°B ion chamber and the four ANL fis­
sion counters. In addition, ion-chamber current readings were recorded 
from three detector channels located just above the ZPR-9 mat r ix near the 
midplane of the assembly. These were reactor channel 3 and experimental 
channels Sp. 10 and Sp. 11. The ion current for Sp. 10 came from three 
compensated ion chambers mounted above movable half columns 35-42. 
Reactor channel 3 uses one RSN 77A ion chamber mounted above col­
umns 18-20 in the stationary half, and Sp. 11 has four RSN 77A chambers 
mounted above columns 33-41 in the stationary half. 

2. Fast Critical Facil i t ies; Experiments and Evaluations--Idaho (02-181) 

a. Clean Critical Experiments. P . I, Amundson (Last reported: 
ANL-7783, pp. 19-20, Feb 1971) 

(1) ZPPR Assembly 2 (R. E. Kaiser) . Counter and reactivity 
t raverses have been completed in the radial t r averse tube located 22 in. 
from the reactor interface. The counter t r ave r ses were performed using 
2.173-in. active-length fission chambers for ^^'Pu, ^*°Pu, ^^^U, and ^^^U, and 
also for a B(n,a) detector of the same active length. Counts were obtained 
every 2.173 in. (one matrix tube width) from core center through the radial 
reflector. Statistical e r ro r s were held to less than 1% for all points except 
those at the outer ends of the t r ave r ses . The shapes of the counter t r ave r se s 
were similar to those obtained in the 14-in. t r averse position. 

^̂  Reactivity t raverses for important mater ia l s such as 
sodium, U, Pu, tantalum, and ' " B were performed as were central , or 
axial ce^nterline, worths of stainless steel and its components, FejOj, carbon, 
and a Cf neutron source. The reactivity measurements were performed 
by inverse-kinetics techniques, which included a correct ion for th i rd -o rde r 
reactor drift. The worths of the diluent mater ia l s were , as expected, quite 
low and therefore subject to large percentage uncer ta int ies . There were , 
however, no major unexpected discrepancies in the data that could not be 
accounted for by the uncertainties. 

An additional experiment was performed in relat ion to the 
massive control-rod mockups previously performed as par t of a se r i e s of 
control-element studies. The original mockup rods were 4 x 4 in. in c ross 
section occupymg four matr ix tubes, and 6 ft long, penetrat ing equally into 
both halves of the reactor . The drawer loadings for each of the rods were; 

Rod 1: 1/4 in. Na, l / 2 in. Ta, l / 2 in, Na, l / 2 in. Ta, 
1/4 in. Na 

Rod 2: 3/4 in. Na, 1/2 in. natural B4C, 3/4 in. Na. 



95 

The new experiments used the same overall configuration, except that the 
internal drawer loadings were changed so that the poison mater ia l s were 
distributed more uniformly. The revised loadings were; 

Rod la: l / 4 in. Na, 5/I6 in. Ta, l / 4 in. Na, 6/16 in. Ta, 
1/4 in. Na, 5/16 in. Ta, l / 4 in. Na. 

Rod 2a: l/Z in. Na, l / 4 in. natural B4C, l/Z in, Na, 
1/4 in. natural B4C, l / z in. Na. 

P re l iminary examination of the data indicates no change 
in the worth of the Ta/Na mockup rod and only a slight change in the B4C 
rod, which may possibly be accounted for by the fact that the B4C was d is ­
tributed over a l a rge r volume in Rod 2a than in the original rod. 

b. Mockup Crit ical Exper iments . W. P. Keeney (Last reported; 
ANL-7776, pp. 12-13, Jan 1971) 

(1) Experimental Results , Assembly 63. Final processing of 
the data from all reference cores and from the substitution experiments in 
the ZPR-3 Assembly 63 se r ies is awaiting the final /3 values being generated 
by the EBR-II Project . This report contains the results of the thermolumi­
nescent gamma-dos imeter measurements in Assembly 63A. 

(a) Thermoluminescent Dosimeter Measurements , 
Assembly 63A (G. G. Simons). Gamma-ray dose t r ave r se s were completed 
in ZPR-3 Assembly 63A (see P r o g r e s s Report for November 1970, ANL-
7758. for a description of the assembly) using thermoluminescent dos imeters . 
Solid 1 X 6-mm rods enriched to 99.993% in^Lt encased in Z-in.-long. 
0 ,035-in.-wall s tainless steel sleeves were loaded into Half 1 of the a s sem­
bly, 1 in. from the assembly interface. These capsules were exposed for 
a nominal 50 W-hr. The resulting relative dose t r ave r ses a re shown in 
Fig. VII.10. 

3. Planning and Evaluation of F F T F Critical Assembly Experiments 
(02-015; last reported: ANL-7776, p. 4. Jan 1971) 

a. Comparison of Computed and Experimental Central Reaction-
rate Ratios (A. Travell i and A. J. Ulrich) 

Central reac t ion-ra t io measurements have been reported for 
assembl ies ZPR-3/51 (Progress Report for June 1968, ANL-7460, p. 22)^ 
ZPR-3/56B (Progress Report for April-May 1969, ANL-7577. p. 35). FTR-2 
(Progress Report for December 1969, ANL-7655, p. 42), and FTR-3 (Prog­
r e s s Report for August 1970, ANL-7737, p. 25, and for February 1971, 
ANL-7783, p. 19). Computed central reaction ratios a re compared to the 
experimental values in Table VII.2. 
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TABLE VII.2. Central Reaction Rates 
Relative to U-235 Fission Rates 

Ratio by 

Experiment Calculation C/E 

0.984 ± 0.022 
0.256 ± 0.006 
0.0250 + 0.0006 
0.0234 ± 0.0013 
0.161 + 0.009 

0.890 
0.184 
0.0224 
0.0224 
0.135 

0.904 
0.719 
0.896 
0.957 
0.839 

FTR-3 

Pu-239 fission 
Pu-240 fission 
U-238 fission. . 
U-238 flsslonj^^ 
U-238 capture'^' 

FrR-2 

Pu-239 fission 0.973 ± 0.010 0.918 0.943 
Pu-240 fission 0.227 ± 0.002 0.212 0.934 
U-238 fission 0.0294 ± 0.0003 0.0273 0.929 

ZPR-3/56B 

Pu-239 fission 1.028 ± 0.010 0.922^!'' 0.897 
Pu-240 fission 0.282 ± 0.003 0.214'^* 0.758 
U-238 fission 0.0309 ± 0.0003 0.0274*^ 0.888 

ZPR-3/51 

Pu-239 fission 1.003 ± 0.010 0.948 0.945 
Pu-240 fission 0.240 ± 0.002 0.234 0.975 
U-238 fission 0.0309 ± 0.0003 0.0300 0.971 

(a) 
Measured by radiochemistry. All others were measured by 
detectors. 

(b) 
Reactor Development Program Progress Report, ANL-7595, 
p. 16 (July 1969). 

T h e c r o s s - s e c t i o n s e t s u s e d in the c o m p u t a t i o n s w e r e t a k e n 
f r o m Set 29006 ( P r o g r e s s R e p o r t fo r A u g u s t 1970, A N L - 7 7 3 7 , p . 15) for 
F T R - 3 , f r o m Set 29004 .2 ( P r o g r e s s R e p o r t for D e c e m b e r 1968, A N L - 7 5 2 7 , 
p p . 9 - 1 0 ) fo r F T R - 2 and Z P R - 3 / 5 6 B , and f r o m Set 29005 for Z P R - 3 / 5 1 . 

Set 29005 h a s the s a m e 29 e n e r g y - g r o u p s t r u c t u r e a s the o t h e r 
t w o s e t s , and i s a l s o b a s e d on E N D F / B - I c r o s s - s e c t i o n d a t a . T h e c o r e 
c r o s s s e c t i o n s w e r e a v e r a g e d in the f u n d a m e n t a l - m o d e s p e c t r u m for the 
c o r e c o m p o s i t i o n at c r i t i c a l i t y by the MC^ c o d e . * T h e c r o s s s e c t i o n s of 
f i s s i l e and f e r t i l e c o r e i s o t o p e s w e r e a v e r a g e d u s i n g the tw^o-region h e t e r o ­
g e n e o u s t r e a t m e n t of MC . R a d i a l and a x i a l r e f l e c t o r c r o s s s e c t i o n s w e r e 
a v e r a g e d in t h e s p e c t r u m of the r a d i a l and a x i a l r e f l e c t o r c o m p o s i t i o n s , 
r e s p e c t i v e l y , wi th z e r o b u c k l i n g and u s i n g t h e h o m o g e n e o u s t r e a t m e n t of 

»B. I. Toppei, A. L. Rago, and D. M. O'Shea, MC ,̂ A Code to Calculate Multigroup Cross Sections, 
ANL-7318 (June 1967). 
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The r e a c t i o n r a t e s w e r e c o m p u t e d u s i n g c e n t r a l f luxes f r o m 
diffusion t h e o r y for each a s s e m b l y . The F T R - 3 c e n t r a l flux w a s ob t a ined 
fromi a r e p r e s e n t a t i o n in r , e - g e o m e t r y u s i n g the DIF2D c o d e , * w h e r e the 
axia l l eakage was s i m u l a t e d by a D B 2 a b s o r b e r . The F T R - 2 and Z P R - 3 / 5 1 
c e n t r a l f luxes w e r e so lu t ions of c y l i n d r i c a l p r o b l e m s u s i n g the M A C H l 
code,** which again s i m u l a t e d the axia l l e a k a g e by a D B ^ a b s o r b e r . In the 
ca se of Z P R - 3 / 5 6 B , the c e n t r a l flux was t aken f r o m a d i f f u s i o n - t h e o r y 
f u n d a m e n t a l - m o d e ca l cu la t ion . 

It would have been d e s i r a b l e to compu t e the r e a c t i o n r a t e s u s i n g 
c r o s s s ec t i ons with r e s o n a n c e s e l f - s h i e l d i n g c o r r e c t i o n s for the s p e c t r u m 
i n t e r c e p t e d by the c o u n t e r s or fo i l s . In l i eu of t h e s e c r o s s s e c t i o n s , the 
m o s t app l i cab le c r o s s s e c t i o n s ava i l ab l e w e r e e m p l o y e d . The c r o s s s e c t i o n s 
u s e d to compute r e a c t i o n r a t e s in the F T R - 3 a s s e m b l y w e r e a s fo l lows : 
u r a n i u m i s o t o p e s , a p p r o p r i a t e for the u r a n i u m in the Z P P R fuel p l a t e in the 
i nne r c o r e ; p lu ton ium i s o t o p e s , a p p r o p r i a t e for p l u t o n i u m of the i n n e r c o r e 
homogenized with all the i nne r co re m a t e r i a l , excep t for the UaOg p l a t e s . 
All o the r r e a c t i o n c r o s s s e c t i o n s w e r e a p p r o p r i a t e (in the s e n s e of MC^) for 
the fuel p l a t e s , in the c a s e of p lu ton ium i s o t o p e s , o r for the f e r t i l e p l a t e s , in 
the c a s e of u r a n i u m i s o t o p e s . 

« n 4̂ \ ° r ^ ' ; " • ; '̂"= ^'S°™« R«^"" Computation (ARC) System ANL-7332 (Nov 1967). 
*°; .^:! :?! : ! ! l • : ± , ^ - " - - " '• -• "•^'•ea. MACHl. A One-ditnensional Diffusicn-Lory Package. 
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B. Support of ZPR Fas t Cri t ical Experiments 

1. Fas t Cri t ical Exper iments ; Theoret ical Support--Il l inois (02-134) 

a. Supplementary Analytical Interpretat ion of Integral Data. 
C. E. Till (Last repor ted: ANL-7765, pp. 7-8, Dec 1970) 

(1) Calculation of the Doppler Effect in FTR (P. H. Kier). 
An isothermal Doppler coefficient in FTR based on beginning-of-equilibrium 
(BOE) cycle conditions has been calculated. For a uniform change in the 

temperature of the fuel pins from 
™ "^^-l- ^™"il '«l°"^t ' ' D°PPlf 1180 to 2180°K with other mate r ia l s 
Effect in FTR by Isotope Using ENDF/B o 
Version I Data. Temperature Change - k e p t a t 6 8 0 K , t w o - d i m e n s i o n a l , R - Z , 

1180-2180 K p e r t u r b a t i o n c a l c u l a t i o n s w e r e m a d e 
of the t o t a l D o p p l e r e f fec t and the 
c o n t r i b u t i o n s to the D o p p l e r e f fec t 
f r o m "*U and " ' P u . The r e s u l t s 
of t h e s e c a l c u l a t i o n s , wh ich u s e d 
E N D F / B V e r s i o n I d a t a , a r e g i v e n 
in T a b l e VI I .3 . 

I so tope 

238u 

239p„ 

2l,0p„ 

235u 

TOTAI-

4k/k , 

% 

-n.2')795 

0.05729 

-0.24010 

a* 

-0.00485 

-0 .00391 

The reactivity effect of the 
change in fuel temperature was 
calculated to be -0.24% Ak/k. With 
the assumption that the Doppler 
effect has an inverse temperature 
dependence (i.e., dk/dT = -ak /T) , 

"[(l/k)(dk/(lT)] = (a/T) the resulting Doppler coefficient 
was -CK00391. In interpreting this 

resul t , one must r emember that the data for ^^^Pu in ENDF/B Version I 
are of questionable accuracy as they yield positive calculated Doppler 
effects in contrast to recent experinnents in which very small and probably 
negative Doppler effects in ^̂ ^̂ Pu were measured . (See P rog res s Report 
for November 1970, ANL-7758, pp. 21-23.) A comparison of the total 
Doppler effect with the contributions from ^̂®U and ^^^Pu shows that the 
contributions from •̂̂ Û and the higher isotopes of plutonium are negligible. 
Then, if on the basis of experimental resul t s we take the contribution from 
"^Pu to be small , the Doppler effect in FTR is well-approximated by the 
Doppler effect in "^U. 

The representat ion of the reactor in these calculations is 
shown in Fig. VII. 11. Zones 1 -6 represen t the core homogenized by ring. 
In Zone 16, three partially inser ted control rods are homogenized with 
fifth-ring fuel subassembl ies . Zone 7 represen t s homogenized per iphera l -
control and radia l - ref lec tor subassembl ies . Zones 8, 11, 14, and 15 r ep ­
resent the axial ref lector , upper plenum, outer radial ref lector , and radial 
shield regions, respect ively. The withdrawn control rods are included in 
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Zones 9, 10, 12, and 13. The 
types of subassemblies homoge­
nized together in the various fuel-
bearing zones are described* in 
Table Vn.4. 

The MC^** module within 
the Argonne Reactor Computation 
(ARC) Systemt was used to gener­
ate the cross-sec t ion set used in 
these calculations. Two MC^ runs, 
which differed only in the temper ­
ature of the fuel pins, were used 
to obtain cross sections for the 
fuel zones. These problems, 
which were run heterogeneously 
to obtain proper resonance self-
shielding, used an average core 
composition character is t ic of the 

Engineering Mockup Crit icals. Separate homogeneous MC^ runs were 
made to obtain cross sections for the boron carbide control subassemblies 

TABLE V I I . 4 . Subassembl ies Assigned to t h e F u e l - b e a r i n g Zones 

, 
J M 1 1 1 1 1 1 

E 
I 

z 

z » 

I I 1 1 I I M 1 

IS 

n 

1 I 1 M 1 1 1 M M 1 1 1 1 M 1 1 1 

7 
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4 

3 

2 

1 

R 

10 

a 

n 

R 

n 

n 

11 

12 

11 

Fig. V U . l l . Representation of FTR 

in 2-D Calculations 

Type 

I n n e r d r i v e r , l . d . 

Outer d r i v e r , i . d . 

S p e c i a l purpose c l o s e d loop 

Genera l purpose c l o s e d loop 

Open l o o p , i . d . 

Open l o o p , o . d . 
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and the r a d i a l - r e f l e c t o r s u b a s s e m b l i e s . F o r the t a n t a l u m c o n t r o l s u b ­
a s s e m b l i e s , the MC^ r u n w a s h e t e r o g e n e o u s to a c c o u n t fo r r e s o n a n c e 
s e l f - s h i e l d i n g in the t a n t a l u m - t u n g s t e n r o d s , and a w e i g h t i n g spect runn. 
c h a r a c t e r i s t i c of the c o r e w a s u s e d to c o l l a p s e to b r o a d - g r o u p c r o s s 
s e c t i o n s . 

b . A d j u s t m e n t of C r o s s S e c t i o n s on the B a s i s of I n t e g r a l M e a s ­
u r e m e n t s . C. E . T i l l ( L a s t r e p o r t e d : A N L - 7 7 8 3 , p p . 1 0 - 1 1 , 
F e b 1971) 

(1) C r o s s - s e c t i o n S e n s i t i v i t y S t u d i e s ( J . M. Ka l l f e l z and 
M. S a l v a t o r e s ) . T h e I t a l i a n z e r o - d i m e n s i o n p e r t u r b a t i o n c o d e C I A P - O , * 
w h i c h c a l c u l a t e s the s e n s i t i v i t i e s of k ££, s p e c t r a , and r e a c t i o n r a t e s to 
v a r i o u s c r o s s - s e c t i o n c h a n g e s , h a s b e e n i m p l e m e n t e d on the I B M 3 6 0 / 7 5 . 
P r e l i m i n a r y s e n s i t i v i t y s t u d i e s h a v e b e e n m a d e for Z P R - 6 A s s e m b l y 7. 
S t a n d a r d p e r t u r b a t i o n t h e o r y w a s u s e d to o b t a i n the s e n s i t i v i t y c o e f f i c i e n t s 
for kg££, and g e n e r a l i z e d p e r t u r b a t i o n m e t h o d s * * v / e r e u s e d for o t h e r 
i n t e g r a l r a t i o s . T h e s e s e n s i t i v i t y c o e f f i c i e n t s c a n be u s e d in d e t a i l e d 
a n a l y s e s of g r o u p c r o s s - s e c t i o n v a r i a t i o n s . T a b l e VII.S g i v e s the e n e r g y 
b r e a k d o w n of the s e n s i t i v i t y of k -, in A s s e m b l y 7 to the d i f f e r e n c e s b e t w e e n 
E N D F / B V e r s i o n s I and II for i m p o r t a n t c r o s s - s e c t i o n c h a n g e s . T a b l e VII .6 
g i v e s the s e n s i t i v i t y c o e f f i c i e n t s r e l e v a n t to the r a t i o of the i n t e g r a l f lux of 
the e n e r g y g r o u p i n c l u d i n g the 2 8 - k e V i r o n r e s o n a n c e , to the i n t e g r a l f lux 
o v e r the n e i g h b o r i n g e n e r g y g r o u p s . T h e d i f f e r e n c e s b e t w e e n V e r s i o n s I 
and II of E N D F / B for the i r o n - s c a t t e r i n g c r o s s s e c t i o n in the e n e r g y r a n g e , 
l o w e r e d the r a t i o c o n s i d e r e d by abou t 2%. 

T h e p e r t u r b a t i o n - t h e o r y cod^ DUNDEE"'' h a s a l s o b e e n 
a d a p t e d to the IBM 3 6 o / 7 5 . T h i s c o d e c a l c u l a t e s in t r a n s p o r t t h e o r y the 
s e n s i t i v i t y of kg££ and t h e t i m e c o n s t a n t \ to c h a n g e s in v a r i o u s c r o s s 
s e c t i o n s . F o r s u b c r i t i c a l f i x e d - s o u r c e s y s t e m s , i t c a n a l s o c a l c u l a t e s u c h 
s e n s i t i v i t i e s fo r s p e c t r a , r e a c t i o n r a t i o s , and o t h e r p a r a m e t e r s of i n t e r e s t . 
T h e c o d e , o r i g i n a l l y w r i t t e n for the I B M - 7 0 3 0 , h a s b e e n d e b u g g e d so t h a t a 
t e s t p r o b l e m p r e p a r e d a t A l d e r m a s t o n h a s now r u n . T a b l e VII .7 s h o w s s o m e 
r e s u l t s fo r t h i s p r o b l e m , w h i c h i s the the B r i t i s h S y s t e m 1.2 ( d e s c r i b e d by 
H e m m e n t and P e n d l e b u r y t t ) a f u U y e n r i c h e d ^^^U c o r e of 7 . 7 - c m r a d i u s w i t h 
a 1 . 8 - c n n - t h i c k n a t u r a l u r a n i u m b l a n k e t . In a l l c a s e s , the e l a s t i c c r o s s s e c ­
t ion h a s b e e n c h a n g e d to k e e p the p a r t i a l and t o t a l c r o s s s e c t i o n s c o n s i s t e n t . 

*G. P.CecchiniandM. Cosimi, The CIAP-O Progiam, CNEN Report RT/FI (69), 42 (1969). 
**A. Gandini, A Generalized Perturbation Method for Bilinear Functionals of the Real and Adjoint Neutron 

Fluxes. J. Nucl. Energy_21, 755 (1967) 
ip. C, E. Hemment et al_.. The Multigroup Neutron Transport Perturbation Program, DUNDEE, 
AWRE-0-40/66 (1966). 

Itp. C. E. Hemment and E. D. Pendlebury, "The Optimisation of Neutron Cross-section Data Adjustments 
to Give Agreement with Experimental Critical Sizes," Proceedings of the International Conference on 
Fast Critical Experiments and Their Analysis, October 10-13, 1966, ANL-7320, pp. 88-106. 
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TABLE VII.5. Energy Breakdown of the keff Sensitivity to the Change 
in E Going from Version I to Version II of ENDF/B (ZPR-6 Assembly 7) 

Group 
j 

1 
9 

3 
A 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

TOTAL 

Av!:^(t^ 

n.o 
-0.00289 
-0.00575 
-0.00281 
-0.00108 
-0.00147 
0.00062 
0.00147 

-0.00060 
-0.00018 
0.00358 
0.00120 
0.00154 

-0.00219 
-0.00226 
-0.00195 
-0.00152 
-0.00209 
0.00100 

-0.00152 
0.00098 

-0.00010 
0.0 

-0.01502 

i 1 *i 
• a 

-0.00006 
0.00031 
0.00147 
0.00095 
0.00077 
0.00075 
0.00040 

-0.00051 
-0.00016 
-0.00084 
-0.00396 
-0.00125 
-0.00062 
-0.00100 
0.00029 
0.00023 
0.00043 

-0.00060 
-0.00014 

0.00046 
-0.00062 
0.00036 
0.00006 

-0.00226 

^^i.i,,^'(^*^*' - **': 

-0.00051 
-0.00006 
-0.00050 
-0.00089 

0.00011 
0.00012 
0.0 

-0.00055 
0.00099 

-0.00005 
-0.00078 

0.00014 
0.00005 

-0.00005 
0.00029 
0.00018 
0.00005 
0.00014 
0.00023 
0.00005 
0 .0 
0 .0 
0 .0 

-0.00101 

^ 4 * 4 

-0.00001 
0.00003 
0.00020 
0.00008 
0.00022 
0.00037 
0.00024 
0.00039 

-0.00170 
-0.00001 
0.00069 
0.00107 
0.00008 

-0.00005 
0.00008 
0.00008 
0.00004 
0.00011 
0.00005 
0.00002 
0.00001 
0.00001 
0.0 

+0.00202 

TABLE VII.6. ZPR-6 Assembly 7 Sensitivity Coefficients 
Relevant to the Ratio: 

*12 

1-11,13 

Scattering Sensi t ivi ty Absorption Sensi t iv i ty 
Coefficients, Relative Coefficients, Relative 

Group 

11 

12 

13 

J-j+1 

14.81 

-21.32 

9.03 

to AE 

+0.51 

-11.49 

9.03 
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TABLE VII .7 . Group Changes in B = l/k^^^ for a 1% Increase in 
Various Cross Sect ions , for a Small, Hard 

^^^U Assembly (see tex t ) 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

E-Lower , 
hfeV 

2 . 4 

1.1 

0 . 5 5 

0 . 2 6 

0 . 1 3 

0 . 0 4 3 

0 . 0 1 0 

0 . 0 0 1 6 

4u 

1 .52 

0 . 7 8 

0 . 6 9 

0 . 7 5 

0 . 6 9 

1 .11 

1.46 

1 .83 

-lO"* • AB 

Oj - 235u 

1 1 . 6 

1 4 . 5 

1 2 . 8 

1 0 . 5 

5 . 3 

3 .0 

0 . 5 8 

0 . 0 5 0 

f o r Change 

0 - 235u 
Y 

0 . 0 1 4 

0 . 3 0 7 

0 . 9 1 4 

1 .26 

1 .06 

0 . 8 8 

0 . 2 5 

0 . 0 3 3 

i n L i s t e d 

0 - 238u 

0 . 6 9 

1 .80 

2 . 3 2 

2 . 1 8 

1 .19 

0 . 6 7 

0 . 1 1 

0 . 0 0 5 

C r o s s 

0 
n 

S e c t i o n 

, - " 8 „ 
>n 

0 . 5 5 

0 . 6 1 

0 . 3 7 

0 . 1 4 

n . 0 3 3 

0 . 0 0 3 

0 . 0 

0 . 0 

Work is now proceeding on changing the DUNDEE input 
subroutine to accept c ross sections in the ARC format, and writing the 
interface code necessary between DUNDEE and the ARC 1-D t ranspor t 
code. 

c. ZPR Heterogeneity Method Development. B. A. Zolotar 
(Last reported: ANL-7765, pp. 8-9, Dec 1970) 

(1) Testing of MC^-Z Heterogeneity Algorithms (M. Salvatores 
B. A. Zolotar, and C. E. Till). The heterogeneity algorithms recommended 
for inclusion in MC^-2 are being applied to the analyses of several recent 
cr i t ical exper iments . Although the MC^-2 coding is not yet available, many 
of the algorithms are contained in presently existing codes. This will 
allow separate studies of individual par ts of the heterogeneity t reatment . 
Some of the problems presently under study a re : 

(a) Analyses of pin-plate comparison measurements in 
ZPR-6 Assembly 7. 

(b) Consistent comparisons of plate heterogeneity effects 
in ZPR-6 Assembly 6 (uranium fueled) and ZPR-6 Assembly 7 (plutonium 
fueled). 
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(c) A n a l y s e s of the m e a s u r e m e n t s of r e a c t i o n - r a t e c e l l 
t r a v e r s e s in Z P R - 6 A s s e m b l y 7 us ing s e v e r a l c a l c u l a t i o n a l m e t h o d s and 
l eakage o p t i o n s . 

2. F a s t C r i t i c a l E x p e r i m e n t s ; E x p e r i m e n t a l S u p p o r t - - I l l i n o i s (02-013) 

a. C o m p u t e r A p p l i c a t i o n s . C. E . Cohn ( L a s t r e p o r t e d : A N L - 7 7 8 3 , 

pp. 1 2 - 1 3 , F e b 1971) 

(1) I m p r o v i n g the Eff ic iency of D i r e c t - m e m o r y - a c c e s s Output 
O p e r a t i o n s on the S E L - 8 4 0 C o m p u t e r . Many r e a c t o r - p h y s i c s m e a s u r e m e n t s 
m a d e wi th the Z P R f ac i l i t i e s involve the S E L - 8 4 0 c o m p u t e r . In p a r t i c u l a r , 
r e a c t i v i t y m e a s u r e m e n t s us ing i n v e r s e - k i n e t i c s t e c h n i q u e s a r e r o u t i n e l y 
m a d e , and app l i ca t ion of th i s c o m p u t e r to n e u t r o n t i m e - o f - f l i g h t e x p e r i m e n t s 
i s p lanned . To op t im ize c o m p u t e r p e r f o r m a n c e , the c o m p u t e r s u b r o u t i n e s 
in c u r r e n t u s e w e r e mod i f i ed . 

The d i s k s and m a g n e t i c t a p e s a t t a c h e d to the S E L - 8 4 0 
c o m p u t e r s a r e connec t ed th rough d i r e c t - m e m o r y - a c c e s s (DMA)* c h a n n e l s . 
In t h e o r y , DMA is supposed to i n c r e a s e t h roughpu t by o v e r l a p p i n g i n p u t / 
output with compu ta t i on . H o w e v e r , c e r t a i n a s p e c t s of the s i m p l e s o f t w a r e 
s y s t e m suppl ied by the m a n u f a c t u r e r p r e v e n t e d t h e s e bene f i t s f r o m be ing 
r e a l i z e d . The ex i s t ing r o u t i n e s w e r e a l t e r e d to m a k e a v a i l a b l e the full 
power of the DMA for output o p e r a t i o n s . 

In the s i m p l e o p e r a t i n g s y s t e m u s e d wi th the S E L - 8 4 0 
c o m p u t e r s , p r o g r a m s c o i n m u n i c a t e wi th p e r i p h e r a l s by c a l l s to i n p u t / o u t p u t 
s u b r o u t i n e s . E a c h such ca l l p a s s e s the s t a r t i n g a d d r e s s of a d a t a buffer 
a r e a in m e m o r y and a count of w o r d s to be t r a n s m i t t e d . The r o u t i n e p a s s e s 
t h e s e p a r a m e t e r s to the DMA channe l and then c o m m a n d s the p e r i p h e r a l to 
in i t i a te the input or output o p e r a t i o n u n d e r DMA c o n t r o l . At t h i s poin t , no 
f u r t h e r c e n t r a l - p r o c e s s o r ac t ion is r e q u i r e d to k e e p the o p e r a t i o n go ing . 
T h u s , in p r i nc ip l e the s u b r o u t i n e could i m m e d i a t e l y r e t u r n to the ca l l i ng 
p r o g r a m , a l lowing the l a t t e r to go on wi th i t s t a s k s whi le the input o r ou tpu t 
o p e r a t i o n p r o c e e d s a u t o m a t i c a l l y , p r e e m p t i n g an o c c a s i o n a l m e m o r y cyc le 
for da ta t r a n s f e r . F o r a v a r i e t y of r e a s o n s , though, t h i s e f f ic ient p r o c e d u r e 
is not f e a s i b l e . 

F o r output o p e r a t i o n s , one r e a s o n i s the p o s s i b i l i t y t h a t the 
ca l l ing p r o g r a m , in e n t e r i n g da ta into i t s buffer a r e a for the nex t ou tpu t 
o p e r a t i o n , wi l l o v e r w r i t e the da t a for the c u r r e n t o p e r a t i o n b e f o r e be ing 
t r a n s m i t t e d to the p e r i p h e r a l . The e x i s t i n g s u b r o u t i n e s p r e v e n t t h a t by 
d e f e r r i n g the r e t u r n to the ca l l ing p r o g r a m un t i l the ou tpu t o p e r a t i o n is 
c o m p l e t e . C l e a r l y , such d e f e r r a l nu l l i f i e s the va lue of the DMA, m a k i n g 
the s y s t e m th roughpu t no b e t t e r than wi th j u s t o r d i n a r y p r o g r a m m e d d a t a 
t r a n s f e r s . 

•Called "Block Transfer Control" (ETC) in SEL-840 nomenclature. 
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The usefulness of the DMA may be realized at the cost of 
a small amount of core by providing the output subroutine with its own 
internal buffer a rea . The data to be output are moved to this buffer before 
output is s tar ted, and the DMA channel is addressed to it. Then there is 
no further need for the contents of the calling p rogram ' s buffer, so control 
may re turn directly to the calling program, which may modify the contents 
of its buffer immediately. The desired overlap of computation and output 
is thus achieved. The time required to move the data to the internal buffer 
is normally a small fraction of the time required for the entire output 
operation, and thus does not detract appreciably from the gain in throughput. 

It is clearly wasteful of core to provide a buffer a rea large 
enough for any conceivable requirement . Rather, the a rea should just be 
large enough for the record length most commonly employed, longer records 
being handled the old way. A buffer was provided only large enough for a 
card image on the magnetic tape and one sector on the disk. Figure VII. 12 
shows the flowchart for the disk subroutine operating in this way. 

Some per ipherals require a check on the cor rec tness of 
data t ransmiss ion after an output operation is connplete. (Parity checking 
of magnetic tape is typical.) This is another reason why conventional 
routines defer the re turn . However, that deferral can be avoided if the 
parity check is postponed until the next time the subroutine is entered. 
Figure VII. 13 shows how that was done for the magnetic-tape subroutine. 

Fig. v i l . l 2 . Output Routine for a Device That 
Does Not CheckParity after Writing 
(e.g..disk). ANLNeg.No. 116-593. 

Fig. VII.13. Output Routine for a Device That Does 
Check Parity after Writing (e.g., mag­
netic tape). ANL Neg. No. 116-594. 
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C. F a s t R e a c t o r A n a l y s i s and C o m p u t a t i o n a l M e t h o d s 

1. T h e o r e t i c a l R e a c t o r P h y s i c s (02-081) 

a. R e a c t o r Computa t ion and Code D e v e l o p m e n t . B. J . T o p p e i 
(Las t r e p o r t e d : A N L - 7 7 8 3 , pp . 5 7 - 6 0 , F e b 1971) 

(1) T w o - d i m e n s i o n a l T r a n s p o r t C a p a b i l i t i e s in the A R C S y s t e m 
(W. L. Woodruff). A t w o - d i m e n s i o n a l t r a n s p o r t - t h e o r y c a p a b i l i t y * c o n s i s t i n g 
of the ARC S y s t e m s t a n d a r d pa th S T P O l l and c a t a l o g u e d p r o c e d u r e 
A R C S P O l l (SNARC) is c u r r e n t l y in the s t age of u s e r t e s t i n g . In c o o p e r a ­
t ion wi th the E B R - I I p r o g r a m staff, a c o m p a r i s o n wi th the r e s u l t s f r o m 
the DOT code has been a t t e m p t e d . Some difficulty has been e n c o u n t e r e d in 
the c o n v e r g e n c e of a k - c a l c u l a t i o n in xy g e o m e t r y for the E B R - I I c o r e . 
The p r o b l e m s e e m e d to s t e m f r o m the o r i g i n a l cho ice of n e g a t i v e - f l u x 
fixup used in SNARC. This t e s t ing is con t inu ing . The c u r r e n t t e s t i n g of 
k - c a l c u l a t i o n s in r z g e o m e t r y have not shown any d i f f i cu l t i e s . 

(2) The MC^-2 Code (H. H e n r y s o n , C. G. S t e n b e r g , and 
B. J . Toppe i ) . Coding is cont inuing on the new^ c r o s s - s e c t i o n code MC - 2 
in the a r e a s of: l i b r a r y p r e p a r a t i o n (Area l ) ; r e s o l v e d r e s o n a n c e J i n t e g r a l 
ca l cu la t ions (Area 6); and m a c r o s c o p i c c r o s s s e c t i o n s , con t inuous s l o w i n g -
down m o d e r a t i n g p a r a m e t e r s , and L e g e n d r e e l a s t i c s c a t t e r i n g m a t r i x 
p r e p a r a t i o n (Area 7). 

The coding and p r e l i m i n a r y t e s t i ng of the A r e a 1 m o d u l e 
that c r e a t e s file 8 ( L e g e n d r e data file) for the MC^-2 l i b r a r y is c o m p l e t e . 
Al l un fo rma t t ed I /O u s e s b l o c k - d a t a t r a n s f e r a s r e c o m m e n d e d by the 
C o m m i t t e e on C o m p u t e r Code C o o r d i n a t i o n . F o r m a t t e d I / O in the f o r m 
READ(IN,M) and WRITE(lOUT ,N), w h e r e IN and lOUT d e s i g n a t e the log i ­
ca l unit n u m b e r s and M and N r e f e r to the f o r m a t s t a t e m e n t n u m b e r s , a r e 
u s e d only to r e a d - c a r d input and w r i t e - p a p e r p r i n t o u t , r e s p e c t i v e l y . The 
c o r e r e q u i r e m e n t s of this modu le a r e a s fo l lows : 

A r e a W o r d s 

Code (86,392 b y t e s / S ) 10,800 
Buffers (30,000 b y t e s / 4 ) 7,500 
Con ta ine r a r r a y 20,000 

To ta l w o r d s 38,300 

A con ta ine r a r r a y of 20,000 w o r d s (~11,000 d o u b l e - p r e c i s i o n w o r d c o n t a i n e r ) 
IS l a r g e enough to a c c o m m o d a t e a l l m a t e r i a l s a s they now a p p e a r i n v e r ­
sion II da ta . The execut ion t i m e to c r e a t e file 8 i s rough ly 25 s e c p e r m a t e r i a l . 

*W. L. Woodmff, 2-D Transport CapabiUty in the ARC System Standard Path STPOll and the Catalogued 
Procedure ARCSPOll, internal memorandum (Jan 7, 1971). 
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which includes a paper printout of all file 8 data in use r - readab le form and 
appropriate execution m e s s a g e s . Since this section of code has its own 
temporary input p roces so r , it can stand alone to create an MC^-2 l ibrary 
in this a rea . The user input options for this a rea include: 

(a) The energy range of the l ibrary . The user specifies 
the maximum and nainimum energy. 

(b) The ul t raf ine-group lethargy width. 

(c) The number of ultrafine groups per "block" of 
Legendre data. 

(d) The maximum order of Legendre-polynomial expan­
sion coefficients. 

(e) Convergence cr i ter ion for elastic scattering angular 
data when E N D F / B data give tabulated distr ibutions. If this convergence 
cr i ter ion cannot be met within the maximum order specified by i tem d, then 
an e r r o r message is printed out and execution continues. 

(f) The highest order permit ted for the extended t r a n s ­
port approximation. 

(g) Mater ia ls to be included in the l ibrary from the 
DAMMET* tape. 

(h) Size of BPOINTER** container a r r ay . 

(i) P r in t options. 

The code has been variably dimensioned, and a sea rch 
through the DAMMET tape (file 4) for the appropriate variable quantities 
is performed at the beginning of execution. The problem encountered in 
integrating products of h igh-order Legendre polynonnials for the T ma t r ix 
elements has been circumvented by generating the ze ro - and f i r s t -o rde r 
T mat r ix elements by a r ecurs ive method. Coding is well under way in 
the module that c rea tes file 5 (smooth-tabulated nonresonant data). Several 
subroutines used in ETOE' a r e appropria te for this a rea and can be used 
directly without modifications. 

The s t ruc ture of the second file of the MC^-2 l ibrary that 
contains the complex e r r o r function W(x,y) has been modified. A coarse 
tabulation of the rea l and imaginary par t s of the W function at increments 
of 0.1 for -0.1 « X s 3.9 and 0.4 ^ y S 3.0 a r e given in records one and 
two, respect ively . A fine s t ruc ture of the tabulation of the rea l and imaginary 

*J. Felbeibaum and H. C. Honeck, Description of the ENDF/B Processing Codes CHECKER, CRECT, DAMMET, 
and Retrieval Subroutines, ENDF-110 (Sept 1967). 

**H. Henryson II and B. J. Toppei, Modifications to BPOINTER—A Dynamic Storage Allocation Program 
Utilizing Bulk Memory. ANL intemal memorandium (Oct 6, 1969). 

t o . M. Green and T. A. Pitteile, ETOE, A Program for ENDF/B to MC^ Conversion, APDA-219 (June 1968). 



108 

parts of the W function at increments of 0.1 for -0.1 < x £ 3.9 and at in­
crements of 0.02 for -0.02 < y s 0.5 a re given in records three and four, 
respectively. The range and fineness of the tabulation in records three and 
four are given in order to obtain greater accuracy when table interpolation 
is used. In approximately half the calls to QUICKW for typical fas t - reac tor 
problems, the arguments of W fall in the range of the fine table. A six-
point interpolation yields values of W accurate to at least five significant 
figures. The same six-point interpolation for values of y in the coarse 
table give four-figure accuracy. 

The coding and compiling in the resolved resonance a rea 
(Area 6) is complete, but has not as yet been tested. A fast J integral 
calculation replaces the time-consuming integration over ultrafine groups 
used in MC^ and should result in significant improvement in execution time 
in this part of the code. This area can accommodate homogeneous and 
heterogeneous options. The code treats either a multiregion slab cell or a 
two-region cylindrical geometry pin cell. Resonance integrals are gener­
ated for the homogeneous mixture and for each heterogeneous region. 

A table of E3(x) has been generated for use in slab-geometry 
calculations. The tabulation is for 0 £ x s 10.0 at increments of 0.01. 

The coding of the preparation of microscopic and mac ro ­
scopic scattering matr ices , macroscopic cross sections, fission spectra , 
extended transport cross sections, and moderating parameters (Area 7) is 
complete. Although the coding done thus far has compiled successfully, only 
a few areas have been tested with real data. These areas include: 

(a) The generation of ultrafine-group unresolved resonance 
cross sections from the o(E*) calculated in the unresolved calculation (suc­
cessfully executed). 

(b) The generation of chi vector from an analytical inte­
gration of formula (successfully executed for ^^'Pu data; a = 0, /3 = 1.41x10*'). 

(c) The generation of Legendre polynomials of the second 
kind for extended transport cross sections in B, or consistent Bj option. 

The extended transport cross sections depend on the t e rm 
QN+i(iVB)/Qj^(i2;/B), where 

2 = total cross section, 
B = v ^ the buckling, 

QN - Legendre function of the second kind, 

and 

N order of extended transport approximation. 
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MC^-2 will permi t values of 1 £ N ^ 9. (N = 1 is the standard B, or con­
sistent Bj approximation.) 

A function subprogram QL has been written which calcu­
lates the rea l or imaginary par t of the ratio Q J J . | . J ( Z ) / Q ^ ( Z ) for 2 ^ N ^ 9. 
Since the recurs ive relat ion for Qĵ j is not stable against roundoff e r r o r s 
for all values of |Z|, three relat ions a re used in the routine Q L - * 

(a) Recursion Relation 

nQ„(Z) = (2n- l) ZQn.i(Z) - (n - 1) Qn.2(Z); (la) 

Qo(x) = J In f i i i , Q,(x) = y In i ^ ^ i i . j ; (lb) 

Z 1 - x 2 1 - x 

Qo(ix) = - i tan"^ ( l / x ) , Qi{ix) = x tan"^ ( l /x) - 1. (ic) 

(b) Pj^ Ser ies Expansion 

i(n-,) 

Qn(Z) = P„(Z)Qo(Z) - Y. (1 +2j)(n"-l^) Pn-i-2j(Z). (2a) 

Pjj(Z) is calculated from Eq. la with 

Po(Z) = 1, Pi(Z) = Z. (2b) 

(c) Hypergeometr ic Ser ies % 

Qn(Z) = B(n ,Z)F( i i ; n + | ; - t ) ; (3a) 

z - yz^ - 1 
2 y F 

(3b) 

B ( n , Z ) = n i ) r i n . l ) ^. (3^) 

r(n+|) 72 (z^- i)?(z + / ? ^ ) ° + f 

Eleven t e r m s a r e retained in Eq. 3d, and constants A a r e tabulated so that 
the evaluation of Eq. 3a takes the form 

*Tables of Associated Legendre Functions. National Bureau of Standards, Columbia University Press, 
New York (1946). 
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O ( , ) . ^"^^ ' (3e) 

( Z ^ - l ) ? ( Z + y Z ^ ^ ) ' ' ^ 

C„(t) = A „ " ( l - A ? t ( l - A ? t ( l . . . (1-A?„t ) ) ) ) ) ) ) ) ) ) . (3f) 

The d o m a i n s of u s e a r e a s fo l l ows : 

I. Z^ > 0 (B^ < 0, s u b c r i t i c a l ) ; 

Z = x; 

X = 1, QL = 1; 

X < 1, r e c u r s i o n r e l a t i o n , Eq . 1; 

X > 1, h y p e r g e o m e t r i c s e r i e s , Eq . 3. 

II. Z^ < 0 ( B ^ > 0, c r i t i c a l ) ; 

Z = ix ; 

X s 0 .45 , r e c u r s i o n r e l a t i o n , Eq . 1; 

X ^ 1, N :S 3 , r e c u r s i o n r e l a t i o n , Eq . 1; 

0.45 < x — 1, N — 4, Pj^ s e r i e s e x p a n s i o n , Eq 2; 

1 < X S 4, N — 3 , P s e r i e s e x p a n s i o n , Eq . 2; 

X > 4 , h y p e r g e o m e t r i c s e r i e s , Eq . 3 ; 

x > 1, N a 4 , h y p e r g e o m e t r i c s e r i e s , Eq . 3. 

The function QL has an a c c u r a c y of a t l e a s t four s ign i f i can t 
f igures (has been t e s t e d ove r the r a n g e 10 S; | z | > O) and an a v e r a g e t iming 
for 2000 ca l l s of 1.5 s e c . The s i ze of QL is 490 d o u b l e - p r e c i s i o n w o r d s . 

In A r e a 7, s e v e r a l d e c i s i o n s have been m a d e wh ich wi l l r e ­
flect on the s p e e d of a p a r t i c u l a r c a l cu l a t i on . A c a s e in po in t i s the f o r m 
of the chi f i s s ion d i s t r i b u t i o n . If the p r o b l e m u s e s a s ing le chi v e c t o r , a s in 
the p r e s e n t v e r s i o n of MC , then tha t v e c t o r i s c a l c u l a t e d in A r e a 7 and no 
flux i t e r a t i o n is r e q u i r e d in the s p e c t r u m c a l c u l a t i o n . On the o t h e r hand , 
MC -2 wi l l p e r m i t the u s e r to specify any n u m b e r of chi v e c t o r s or m a t r i c e s 
for the m a t e r i a l s in the p r o b l e m . If a l l m a t e r i a l s have chi v e c t o r s , t hen 
A r e a 7 wi l l c a l cu l a t e t h e m once and they wi l l be u s e d in the s p e c t r u m c a l ­
cula t ion which wi l l have a flux i t e r a t i o n . If any m a t e r i a l s h a v e chi m a t r i c e s 
( e n e r g y - d e p e n d e n t ) , then t hose m a t r i c e s m u s t be r e c a l c u l a t e d dur ing e a c h 
flux i t e r a t i o n in the s p e c t r u m ca l cu l a t i on . T h i s d e c i s i o n is r e q u i r e d b e ­
cause of s t o r a g e capab i l i t y . 

A r a t h e r e x t e n s i v e r e s t a r t c apab i l i t y has been bui l t into the 
ca l cu la t ion of L e g e n d r e s c a t t e r i n g m a t r i c e s . The g r o u n d r u l e s for u s ing 
th is capab i l i ty a r e as fo l lows: 
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The data set containing nnicroscopic scattering a r r ays may 
be saved from a previous calculation. If this data set is provided in a s ec ­
ond MC^-2 calculation, then those mate r i a l s for which data are available 
(all ma te r i a l s in the reference problem) will not have the scattering a r r ays 
recalculated provided that: 

(a) Both problems have the same number of groups. 

(b) Both problems have the same maximum energy. 

(c) If the second problem uses a consistent spec t rum 
option, then the reference problera must also have used 
a consistent spec t rum option. 

If any of these conditions a re violated, MC^-2 will generate 
a new^ set of microscopic scat ter ing m a t r i c e s . Caution must be taken in 
use of the t r anspor t approximation, as the code will permi t the reference 
and r e s t a r t problem to be inconsistent regarding this option (a warning 
message is printed). Thus, if, for example, the reference problem used 
one of the t r anspor t approximations and the r e s t a r t problem does not, then 
the total c ross section will be adjusted only for mate r ia l s in the reference 
problem. The order of the extended t ranspor t approximation need not be 
the same in both p rob lems . If h igher -order scat ter ing t e rms a re required 
in the second problem which a r e not available on the r e s t a r t data set , they 
w îll be generated. 

2. Reactor Code Center . M. Butler (02-085; last reported: ANL-7783, 
pp. 60-61 , Feb 1971) 

In March, 11 new p rog ram packages were incorporated in the Code 
Center l ib ra ry . Three of these were revis ions of existing l ibrary p rogra ras , 
and recipients of the ea r l i e r vers ions have been notified of the availability 
of new packages for FIGRO* ( A C C 272), AIROS2A (ACC 326), and 
SUPERTOGII (ACC 431). 

The new FIGRO package includes provision for the computation of 
t ime-dependent heat conduction for rapid t r ans ien t s , beginning with a fuel 
rod at operating power conditions. Other additions account for the effect 
on gap conductance of the r e l ease of volatile gases from the fuel, reduction 
of gap thickness due to cladding c reep , t e rnary fission helium r e l e a s e , and 
the existence of cladding cor ros ion l aye r s . 

The rev ised AIROS2A code includes a contact r e s i s t ance t e r m in the 
overal l hea t - t ransfer -coeff ic ient calculation and inser t ion of a subroutine 
to s imulate setback or control ler action of a single bank of control rods . 

I. Goldberg and L. L. Lynn. FIGRO (Addendum II): A CDC 6600 Computer Program for the Analysis of Fuel 
Swelling and Calculation of Temperature in Bulk-Oxide Cylindrical Fuel Elements, WAPD-TM-618, 
Addendum II (Apr 1970). 
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F a c i l i t y t o h a n d l e E N D F / B V e r s i o n 11 d a t a h a s b e e n i n c o r p o r a t e d i n 

t h e r e v i s e d S U P E R T O G I I p r o g r a m . 

Of t h e e i g h t n e w p r o g r a m s , f i v e w e r e w r i t t e n f o r t h e U N I V A C 1 1 0 8 . 

F o u r of t h e s e c o n t r i b u t i o n s w e r e f r o m G u l f G e n e r a l A t o m i c a n d i n c l u d e : 

S A F E - C R A C K * ( A C C 4 5 1 ) , a F O R T R A N V p r o g r a m i n t h e S A F E 

f i n i t e - e l e m e n t s e r i e s w h i c h p e r f o r m s a v i s c o e l a s t i c a n a l y s i s of p l a n e a n d 

a x i s y m m e t r i c c o m p o s i t e c o n c r e t e s t r u c t u r e s s u b j e c t t o t r a n s i e n t t e m p e r a ­

t u r e a n d m e c h a n i c a l l o a d i n g s . 

S H E L L 5 * * ( A C C 4 5 2 ) , a F O R T R A N IV p r o g r a m u s i n g t h e f i n i t e -

e l e m e n t m e t h o d f o r a n a l y s i s of s m o o t h l y c u r v e d , a r b i t r a r i l y s h a p e d , t h r e e -

d i m e n s i o n a l t h i n s h e l l s . 

G A P E R - 2 D " ' " ( A C C 4 7 1 ) , a F O R T R A N V t w o - d i m e n s i o n a l , f i r s t - o r d e r , 

p e r t u r b a t i o n - t h e o r y p r o g r a m u s i n g t h e r e a l a n d a d j o i n t f l u x a n d c u r r e n t v a l ­

u e s c a l c u l a t e d b y 2 D F i n r - z o r x - y g e o m e t r y . 

C A G E - B I R D - S P E C " " ^ ( A C C 4 7 6 ) , a p a c k a g e of t h r e e c o d e s d e s i g n e d 

f o r t h e r e d u c t i o n a n d p r o c e s s i n g of n e u t r o n t i m e - o f - f l i g h t s p e c t r a i n p u l s e d 

a s s e m b l i e s . 

B a t t e l l e P a c i f i c N o r t h w e s t L a b o r a t o r i e s s u b m i t t e d t h e f i f t h 

U N I V A C 1 1 0 8 p a c k a g e , B R T - 1 * ( A C C 1 8 4 ) , w r i t t e n i n F O R T R A N I V . T h e 

B a t t e l l e R e v i s e d T h e r m o s p r o g r a m i s t h a t l a b o r a t o r y ' s v e r s i o n of t h e 

T H E R M O S t h e r m a l i z a t i o n t r a n s p o r t - t h e o r y c o d e d e v e l o p e d b y H . C . H o n e c k 

a t B r o o k h a v e n N a t i o n a l L a b o r a t o r y . T h e p r o g r a m c o m p u t e s t h e s p a c e -

d e p e n d e n t t h e r m a l n e u t r o n d e n s i t y , f l u x a n d c u r r e n t s p e c t r a o v e r t h e e n ­

e r g y r a n g e 0 t o 0 . 6 8 3 e V i n e i t h e r s l a b o r c y l i n d r i c a l g e o m e t r y . 

T h r e e C D C 6 6 0 0 p a c k a g e s c o m p l e t e t h i s m o n t h ' s l i b r a r y a c q u i s i ­
t i o n s . T h e s e a r e : 

3 D D T * * ( A C C 4 6 3 ) , a t h r - e e - d i m e n s i o n a l , m u l t i g r o u p d i f f u s i o n - t h e o r y 
p r o g r a m p r e p a r e d a t L o s A l a m o s S c i e n t i f i c L a b o r a t o r y , w h i c h p r o v i d e s 
m a t e r i a l b u r n u p a n d f i s s i o n - p r o d u c t b u i l d u p c o m p u t a t i o n s f o r s p e c i f i e d t i m e 
i n t e r v a l s . T h i s p r o g r a m i s a n e x t e n s i o n of t h e 2 D B c o d e w r i t t e n e n t i r e l y 
i n F O R T R A N I V . 

*Y. R. Rashid, Nonlinear Quasi-Slatic Analysis of Two-Dimensional Concrete Stmciutes, Part I: Theory. 
Part II: Computet Program Manual, GA-9994 (Mar 23, 1970). 
N. Prince, SHELLS SHELL-3D Version 5: A Computer Progiam for the Structural Analysis of Arbitrary Three-
Dimensional Thin Shells, A User's Manual, GA-9952 (Jan 30, 1970). 

'R. ] . Archibald and D. A. Sargis, GAPER-2D, A Two Dimensional Transport Perturbation Theory Program, 
GA-10103 (Apr 29, 1970). ' 
P. d'Oultremont. D. Houston, and J. C. young, CAGE-BIRD-SPEC, A Package FORTRAN-V System for the Re­
duction and Analysis of Neutron Time-of-Flight Spectra, Gulf-RT-10195 (Nov 18, 1970). 

*C. L. Bennett and W. L. Purcell, BRT-1: A Battelle-Revised-Thermos, BNWL-1434 (June 1970). 
John C. Vigil, 3DDT, A Three-Dimensional Multigroup Diffusion-Burnup Program, LA-4396 (Sept 1970). 
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CRECT, CHECKER, RIGEL, LISTFC, DICTION, SLAVE3 and 
DAMMET (ACC 475), the FORTRAN IV processing package for the E N D F / B 
Version II data supplied by the National Neutron Cross Section Center . 

A D L E R , AVRAGE3, AVRAGE4, and SIGMA2 (ACC 465), a second 
NNCSC progrann package designed to calculate total, capture , or fission 
c ross sections according to the Adler-Adler formal ism using ENDF/B 
Version II file 2 paranaeters , to calculate scat ter ing, capture , and fission 
c ross sections from s- , p - , and d-wave data of the unresolved pa rame te r s 
of file 2 of ENDF/B, or to calculate sca t ter ing, capture, fission, and total 
cross sections from the resolved resonance pa ramete r data. 

PUBLICATIONS 

The ARC System Neutronics Input P r o c e s s o r 
E. A. Kovalsky and D. E. Neal 

ANL-7713 (Jan 1971) 

Comment on Resonance Averaging 
P. A. Moldauer 

Phys . Rev. C3, 948-949 (Feb 1971) 
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VIII. REACTOR S A F E T Y 

A. Coolant D y n a m i c s . H. K. F a u s k e (02-114) 

1. Sodium Supe rhea t . R. E. H e n r y , R. E. Hol tz , and R. M. S inger 
( L a s t r e p o r t e d : A N L - 7 7 8 3 , pp. 9 4 - 9 7 , F e b 1971) 

a. Inc ip ien t -bo i l ing T e s t s with E B R - I I Sodium 

The inc ip i en t -bo i l i ng s u p e r h e a t t e s t s with the E B R - I I p r i m a r y 
sodium have cont inued. T h e s e t e s t s have used an e l e c t r o m a g n e t i c p u m p to 
apply p r e s s u r e to the sod ium ( i . e . , no i n e r t gas was i n t r o d u c e d into the 
s y s t e m ) . T h e s e da ta show c o n s i d e r a b l e s c a t t e r ( i . e . , the p r e s s u r e -
t e m p e r a t u r e h i s t o r y is los t a f te r a h i g h - s u p e r h e a t run) u n l e s s the p r e s s u r e -
t e m p e r a t u r e h i s t o r y is r e e s t a b l i s h e d for at l e a s t 20 m i n b e f o r e conduc t ing 
the t e s t run . 

F i g u r e VIII. 1 shows the 
t h e o r e t i c a l c u r v e s f r o m the 
p r e s s u r e - t e m p e r a t u r e h i s t o r y 
m o d e l for a 5 - p s i a , 1000°F h i s ­
t o r y and a r a t i o of r e c e d i n g - t o -
advanc ing r a d i i of c u r v a t u r e 
( i . e . , R / R ' ) of 1.0, 0 .5 , and 
0.342, a s wel l a s the c o r r e ­
sponding da ta with the h i s t o r y 
appl ied for a t l e a s t 20 m i n 
be fo re conduc t ing the t e s t run . 

F i g u r e VIII.2 shows the 
da ta obta ined with a 1 0 - p s i a , 
1000°F h i s t o r y and the t h e o ­
r e t i c a l c u r v e s for a r a t i o of 
r e c e d i n g - t o - a d v a n c i n g r a d i i of 
c u r v a t u r e of 1.0, 0 .5 , 0 .342, and 
0.174. F o r both h i s t o r i e s , the 
data fall wel l above the t h e o ­

r e t i c a l cu rve for R / R ' = 1.0 and a r e p e r h a p s b e s t r e p r e s e n t e d by a R / R ' 
r a t i o of about 0.34. This r a t i o for r e c e d i n g - t o - a d v a n c i n g r a d i i of c u r v a t u r e 
is in exce l l en t a g r e e m e n t with r e c e n t c o n t a c t - a n g l e d a t a . * The s c a t t e r in 
t h e s e data can be a t t r i b u t e d to v a r i a t i o n s in the con tac t ang le of the advanc ing 
liquid and v a r i a t i o n s in s u r f a c e - c a v i t y g e o m e t r i e s . 

R e c e n t t e s t s have been conducted with an a r g o n cove r gas a s the 
m e a n s of applying p r e s s u r e to the s y s t e m . T h e s e t e s t s have d e m o n s t r a t e d 
that the p r e s e n c e of a p a r t i a l p r e s s u r e of i n e r t gas in the s u r f a c e c a v i t i e s 
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Fig. VIII.1. Experimental Data and Theoretical 
Predictions for a 5-psia, 1000"? 
Pressure-Temperature History 

M. J. Todd and S. Turner, The Surface Tension of Liquid Sodium and Its Wetting Behavior on Nickel and 
Stainless Steel, TRD Report 1459(R), UKAEA (1968). 
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• Boiling approach*!! b) 

lecitoeing pits 

^ Boiling upproachid by 
increasing Itmparalurt 

can significantly reduce the incipient-
boiling superheat. With the assump­
tions of a par t ia l p re s su re of inert 
gas in the surface cavities equal to 
the cover-gas p r e s su re and an R / R ' 
ratio of 0.34, the p r e s s u r e -
tempera tu re -h i s to ry model and the 
experimental data agree excellently. 

2. Sodium Expulsion and Reentry: 
In-pile. M. A. Grolmes and 
H. K. Fauske {Last reported: 
ANL-7783, pp. 97-98, Feb 1971) 

a. Planning of In-pile Test 
Vehicles 

Fig. Vin.2. Experimental Data and Theoretical 
Predictions for a 10-psia, 1000°F 
Pressure-Temperature History 

Integrated in-pile (TREAT 
Reactor) experiments are being planned 
to determine the overall consequences 
of coolant expulsion and reent ry as they 
affect fuel failure and potential inter­
actions of molten cladding, fuel, and 

coolant. For these t es t s , coolant expulsion will be specifically initiated by 
flow t ransients such as a coastdown and part ial or complete blockage at 
steady power in a test vehicle that simulates current LMFBR design pa­
r a m e t e r s . N e a r - t e r m tes ts will be directed to simulation of F F T F 
parameter s. 

One of the loss-of-flow conditions of interest for in-pile testing 
is that ar is ing from a par t ia l inlet res t r ic t ion . Beyond the extent of inlet 
blockage required for coolant boiling (see ANL-7783), it remains to be 
determined whether the result ing two-phase flow through the subassembly 
is stable or is unstable and leads to a boiling c r i s i s in that assembly. A 
steady-state analysis of these conditions was car r ied out to determine the 
l imits of stable two-phase flow for an increase in inlet blockage beyond 
that required for coolant boiling at the exit of the subassembly. 

The typical LMFBR design is character ized by both a large 
subassembly p r e s s u r e drop and exit subcooling under normal conditions. 
Reference conditions similar to current F F T F design were selected: a 
total p r e s s u r e drop APQ = 130 psi , a flow rate GQ = 1250 Ibj.̂ ^ ft~^ sec'^ along 
the fuel pin, a sodium inlet t empera ture of 600°F, an average power of 
7.61 kw/f t along a 3-ft heated length, and an exit p r e s s u r e of 20 psia. The 
total p r e s s u r e drop ac ross the subassembly, APT- , is made up of the p r e s ­
sure loss at inlet res t r ic t ion , AP^, plus the p r e s s u r e drop for the subas­
sembly, APQ. 

APn A P . + A P , (1) 
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where 

APj = iG^V£(l-p)"^ and APg iG^VfCfi 

for single-phase flow. In the above relations, jS is the inlet blockage frac­
tion and Of is the liquid friction factor for single-phase flow. Figure VIII. 3 
shows the pressure drop and flow relationships for the subassembly for 
various inlet res t r ic t ions . The intersection with the subassembly-pressure-
drop curve gives the operating condition for various blockage fractions. For 
blockage fractions less than =:0.95, the intersection corresponds to single-
phase flow through the subassembly. To determine the subassembly-
pressure-drop curve, APg, for lower flow ra tes , the two-phase friction and 
momentum pressure losses as well as the single-phase p ressu re drop must 
be accounted for. This resul ts in the rapid increase in the subassembly-
pressure-drop curve with decreasing flow. Figure VIII.3 sho'ws that the 
two-phase flow is initially stable, but only to very small increases in the 
inlet blockage fraction. For in-pile testing under similar thermal and hy­
draulic conditions, the extent of inlet restr ict ion required to produce coolant 
overheating and subassembly voiding would be of similar magnitude. The 
time scale and sequence of events following this overheating might be some­
what different from a sudden complete blockage because of different thermal 
conditions in the upper plenum region (as shown previously). 

. 

-
-

-

• 

" 

Flo*- \ 
blockage \ 
fraclion =0 96 

1 

^ v Flow Curw ^~~~—-. , 

\ ^ tor inlel restrictions 

\ \ \ 0 93 ^ ^ " - ^ 

\ \ 1 \ 

\ 0 90 

1^ 

Subassembly 

pressure drop 

1 

/•*~~^°^^ 

^ " ^ 0 80 

1 

Fig. VIII.3. Flow and Pressure-drop Characteristics for LMFBR Subassembly of 
Approximate FFTF Design, APg = 130 psi, GQ = 1250 Ibj^i/ft^-sec 

B. C o r e S t r u c t u r a l Safety. C. K. Youngdahl , E T D ( 0 2 - 1 1 5 ; 
l a s t r e p o r t e d : A N L - 7 7 5 3 , pp. 146-147 , Oct 1970) 

1- Dynamic P l a s t i c i t y A n a l y s i s of Hexagona l She l l s 

To d e t e r m i n e the con t a inmen t capab i l i t y of L M F B R h e x a g o n a l sub­
a s s e m b l y c a n s , a mode l was f o r m u l a t e d for l a r g e d y n a m i c p l a s t i c d e f o r m a ­
t ions of hexagona l cans subjec ted to i n t e r n a l i m p u l s i v e p r e s s u r e s . L a r g e 
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deformations a re meant to be those deformations greater than the wall 
thickness. The hexagonal-can configuration is shown in Fig. III.A. 1 of 
ANL-7753. 

Two types of plastic deformation occur simultaneously. The hexagon 
deforms into a la rger hexagon by stretching of the wall, and it d is tor ts into 
a more rounded shape because of bending of the wall. These two deformation 
modes are mixed in varying proport ions during the motion of the can. The 
directions and relative magnitudes of the s t r e s s resul tants in the can wall 
also change during the motion because of the large deformation effects, r e ­
sulting in complicated movement of the plastic zones. 

Mathematical analysis of the large-deformation hexagonal-can model 
resul t s in complicated sets of coupled nonlinear differential equations. 
Their solution was programmed for the computer. The program is now being 
debugged, and good resul t s have been obtained for some simple p r e s s u r e 
pulses . Figure Vin.4 shows the deformation of the center and corner of the 
can w^all as a function of t ime for rectangular pulses of fixed magnitude and 
various durations. For typical LMFBR hexagonal-can dimensions and a 
yield s t r e s s of 35,000 psi, the applied p res su re would be 220 psi as com­
pared to a limit load of 135 psi; a dimensionless time of unity corresponds 
to about 0.2 msec . The corners of the can pull in slightly as the center of 
the wall deforms out. The most significant result is that the deformation 
stops at about three wall thicknesses for pulses that exceed 1.59 (dimension-
less) units in duration. This means that the can has distorted into a shape 
that can statically contain the applied p r e s su re . Of course, the increased 
containment potential is at the expense of considerable wall distortion. 

Fig. VIII.4 

Hexagonal-can Plastic Deformation as a Function of 
Time for Pressure Pulses of Various Durations. UQ = 
deformation at center of can wall. Ui = deforma­
tion at comer, H = wall thickness, L = length of 
side of hexagon, Pf„ = applied pressure, t = time, 
r = dimensionless time, TQ = duration of pulse, p = 
density, and Oy = yield stress. 
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C. Fuel-element Failure Propagation. 
and R. O. Ivins (02-116) 

B. D. LaMar 

1. In-pile Studies. R. O. Ivins and C. Bolta (Last reported: ANL-7776, 
pp. 104-106, Jan 1971) 

a. Planning and Design of Experiments 

A revised set of loop system design requirements is being de­
veloped. For the revised design requirements , several analyses and cal­
culations are being performed to examine the needed simulation of FTR 
conditions for tests to be conducted in the F E F P loop. 

Calculations have been made to compare the effects of fi l ters 
in the design of the Fuel Element Failure Propagation Loop. Calculations 
were made for 7, 19, and 37 fuel elements. In each of the above calcula­
tions, results were found for the following cases: no neutron filter, an 
outside 40-mil-thick cadmium filter, an inner filter 0.125 in. thick of 2% 
natural boron in stainless steel, both the outer cadmium and inner boron 
filter, and an inner 40-mil-thick cadmium filter. When the boron filter 
was not used, it was replaced with sodium, and steel replaced the cadmium 
when no cadmium filter was required. Table VIII. 1 l ists the fuel-element 
enrichments. Tables VIII.2 and VIII.3 summarize the resul ts of the calcu­
lations for various filter arrangements. 

Conclusions that can be drawn thus far a re : (a) Either the 
cadmium or boron filter alone would be sufficient to adequately flatten the 
average power, (b) using both filters gives the best power flattening, and 
(c) moving the location of the cadmium filter does not significantly change 
the power flattening or average linear power. 

Additional calculations were made with 19 fuel elements and 
no fil ters. A final calculation gave a ratio of radial maximum to average 
fission power in the test assembly of 1.30 and an average power generated 
in a fuel element of 16.6 kW/ft. In this determination, the uranium in the 
row of six pins had a 69.4% enrichment, and in the row of 12 pins a 26.5% 
enrichment. The average power in each central pin was 15.9 kW/ft, in the 
elements of the row of six it was 16.9 kw/ft, and in the row of 12 it was 
16.5 kw/ft. 

TABLE VIII.2. Calculated Ratio of 
Radial Maximum to Average Power 

TABLE VIII.1. 

Location of 

Center 
Row of 6 
Row of 12 
Row of 18 

Enrichment 

7 
Elements 

93 
78 

En 

of Fuel 

richment, 
19 

Elements 

93 
80 
65 

Elements 

7. 
37 

Elements 

93 
82 
70 
55 

Filter 

None 
Cd 
B 
Cd and B 
Cd inside 

Number of Fuel 
in Irradiated A 
7 

Elements 

1.38 
1.08 
1.12 
1.06 
1.07 

19 
Elements 

1.71 
1.17 
1.23 
1.13 
1.14 

Elements 

37 
Elements 

1.17 
1.25 
1.12 
1.14 
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B 

14.5 
15.4 
15.2 

10.5 
9.9 

10.3 
10.7 

8.5 
8.0 
7 .8 
8.8 
8.2 

Cd 
and B 

12.6 
12 .1 
12.2 

9.5 
8.7 
8.8 
8.8 

7.7 
7 .1 
6.8 
6.8 
6.9 

Insid( 

15.4 
15.1 
15 .1 

11.2 
10.3 
10.7 
10.6 

8.9 
8.4 
8.0 
8.2 
8.2 

TABLE VIII.3. Calculated Average Linear Power 

Average Linear Power, kW/ft, 
with Various Filter Arrangements 

Location of 
Fuel Elements None Cd 

With 7 Fuel Elements i n Assembly 
Cente r 21 .0 15.8 
Row of 6 37 .1 15.8 
Average 34.6 15.8 

With 19 Fuel Elements i n Assembly 
Center 14.0 11.4 
Row of 6 14.4 10.6 
Row of 12 26.6 11 .1 
Average 22.0 11.0 

With 37 Fuel Elements i n Assembly 
Center 10.9 8.9 
Row of 6 10.2 8 .3 
Row of 12 10.8 8 .1 
Row of 18 21.2 8.5 
Average 15.8 8 .3 

The p o w e r d e n s i t i e s r e p o r t e d p r e v i o u s l y ( A N L - 7 7 7 6 ) and t h o s e 
c a l c u l a t e d in the m a t r i x of 1 5 c a s e s ( r e p o r t e d h e r e ) , c o n s i d e r i n g v a r i o u s 
n u m b e r s of fuel e l e m e n t s and v a r i o u s n e u t r o n f i l t e r s , w e r e b a s e d on a n 
E T R c o r e v o l u m e of 544 l i t e r s (an E T R c o r e r a d i u s of 43 .5 c m ) , g iv ing an 
a v e r a g e p o w e r d e n s i t y of 0.322 M w / l i t e r . E T R h a s a c o r e v o l u m e of 
354 l i t e r s (an E T R c o r e r a d i u s of 35.1 c m ) , g iving an a v e r a g e p o w e r d e n ­
s i ty of 0 .494 M W / l i t e r . T h e E T R C e x p e r i m e n t o b t a i n e d an a v e r a g e p o w e r 
d e n s i t y of abou t 0 .613 M w / l i t e r in the r e g i o n s u r r o u n d i n g the e x p e r i m e n t . 
With p o w e r p e a k i n g , a v a l u e a r o u n d the e x p e r i m e n t of 0.824 M W / l i t e r 
m i g h t be o b t a i n e d . 

A c a l c u l a t i o n w a s p e r f o r m e d u s i n g bo th a 4 3 . 5 - and a 3 6 . 0 - c m -
r a d i u s c o r e . The r a t i o of c o r e v o l u m e s w a s 1.460. The r a t i o of the f r a c ­
t ion of t o t a l f i s s i o n s in the t e s t r e g i o n to t o t a l c o r e f i s s i o n s w a s 1.441. The 
s h a p e of the n e u t r o n - e n e r g y s p e c t r u m in the r e g i o n of the c o r e i m m e d i a t e l y 
s u r r o u n d i n g t h e t e s t r e g i o n w a s a l m o s t e q u i v a l e n t for bo th c o r e - r a d i u s 
c a s e s . In a d d i t i o n , in bo th c a s e s , t h e r e w a s not s i gn i f i c an t p o w e r p e a k i n g 
a r o u n d the t e s t r e g i o n . T h u s , a good a s s u m p t i o n i s t h a t the t e s t l i n e a r 
p o w e r d e n s i t y i s d i r e c t l y p r o p o r t i o n a l to the a v e r a g e c o r e p o w e r d e n s i t y . 
T h u s , for t h e d u a l - f i l t e r c a s e , t h e r e s u l t s c a n b e m o d i f i e d for a v e r a g e c o r e 
p o w e r d e n s i t y a s shown in T a b l e V n i . 4 . A s c a n b e s e e n , s i gn i f i c an t i n c r e a s e s 
in l i n e a r p o w e r d e n s i t y o v e r the v a l u e s g iven in T a b l e VIII .3 c a n be e x p e c t e d . 

To f o r m a b a s i s fo r c a l c u l a t i n g the a c t u a l e x p e r i m e n t p o w e r 
d e n s i t i e s t h a t c a n b e o b t a i n e d in F E F P L , e x p e r i m e n t s m u s t b e p e r f o r m e d 
in the E T R c r i t i c a l f a c i l i t y . The e x p e r i m e n t s a r e to be p e r f o r m e d u s i n g 
F T R - t y p e fuel e l e m e n t s and a r e a l i s t i c m o c k u p of the i n - c o r e p o r t i o n of 
the F E F P L . 
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TABLE VIII.4. Modified Linear Power 
for Dual-filter Case 

Enrichment; location 

937,; center 
827,; row of 6 
707.; row of 12 
557.; outer row of 18 

Average 
for Three 

0.322 MW/ ! 
(calculated) 

7.7 
7.1 
6.8 
6.8 

Linear Power, kW/ft, 
: Core Power Densities 

0.494 MW/; 
(actual ETR) 

11.9 
10.9 
10.4 
10.4 

0.613 ml I 
(critical) 

14.7 
13.5 
12.9 
12.9 

In general, a fuel element in a fast reactor can be expected to 
have a relatively uniform neutron flux in the fuel, and thus a relatively flat 
power generation. On the other hand, the same fuel element in a more 
thermalized reactor can be expected to exhibit self-shielding, giving a non­
uniform flux in the fuel, and thus a skewed power generation in the fuel. 
This difference in internal power generation inside the fuel has suggested 
the use of a thermal-neutron filter to shape the neutron-flux energy spec­
trum inside a thermal reactor to more closely match that found in a fast 
reactor. To evaluate the importance of the neutron filter, calculations 
were made of the internal fuel-element temperatures for both flat and 
skewed internal fuel-power generations. 

Under the assumption that the fuel element can be represented 
by a one-dimensional slab with no t ransverse heat t ransfer , and using both 
an exponential neutron flux and a flat neutron flux, only moderate differences 
in fuel temperatures (200°F) were obtained without a filter. 

The effect of skewed power generation was also examined with 
respect to the surface heat flux and conductivity integral. A 10% skewing 
gave less than a l/2% change in both the surface heat flux and conductivity 
integral. 

In conclusion, power skewing is probably not as significant as 
previously suspected with respect to internal fuel-element temperatures 
and fuel restructuring. With the power flattening obtained by the dual neu­
tron filter, quite good simulation of the fast-reactor environment can be 
obtained. 

Additional improvements were made in the model and computer 
code used to simulate FEFPL transient thermal and hydraulic conditions. 
Specifically, changes were necessitated in the heat-exchanger representa­
tion when it was discovered that erroneous temperatures and energy bal­
ances occurred under conditions simulating mismatched mass flow ra tes 
of the coolants. The present improved model comprises four axial sec­
tions; temperatures are computed at five nodes in each relevant heat-
exchanger material . Within the three fluids of the heat exchanger, the axial 
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t e m p e r a t u r e g r a d i e n t s w e r e a p p r o x i m a t e d u s i n g a m i x e d - d i f f e r e n c i n g t e c h ­
n ique s i m i l a r to t h a t d e s c r i b e d b y Gunby . * R e s u l t s of s t e a d y - s t a t e c a l c u l a ­
t i o n s , r e p r e s e n t a t i v e of a v a r i e t y of f luid flow r a t e s , i n d i c a t e s a t i s f a c t o r y 
p e r f o r n n a n c e of the p r e s e n t m o d e l . 

A s i m i l a r t r e a t m e n t w a s a l s o a p p l i e d to nnodel ing t h e a c t i v e 
fuel and a s s o c i a t e d c o o l a n t . T h i s i m p r o v e m e n t p r o v i d e s t h e c a p a b i l i t y fo r 
s innu la t ing nonun i fo rnn a x i a l p o w e r p r o f i l e s in t h e fuel and b e t t e r r e s o l u t i o n 
of p o t e n t i a l t h e r m a l - c r i s i s c o n d i t i o n s in t h e c o o l a n t . 

T h e f o r e g o i n g c h a n g e s in the F E F P L t h e r m a l - h y d r a u l i c nnodel 
y i e l d a n e t i n c r e a s e of 29 f i r s t - o r d e r d i f f e r e n t i a l e q u a t i o n s p l u s a n u m b e r 
of a u x i l i a r y a l g e b r a i c r e l a t i o n s h i p s . T h e p r e s e n t v e r s i o n of t h e nnodel now 
c o n t a i n s a t o t a l of 49 c o u p l e d d i f f e r e n t i a l e q u a t i o n s , e x c l u s i v e of t h o s e 
n e e d e d for c o n t r o l - s y s t e m s s i m u l a t i o n . 

T h e m o d e l and t h e c o m p u t e r c o d e t h a t c h a r a c t e r i z e s o d i u m e x ­
p u l s i o n in t h e F E F P L c o n t i n u e to b e d e v e l o p e d . E q u a t i o n s of nnotion h a v e 
b e e n w r i t t e n fo r t h e two m a j o r f lu id c o l u m n s - - o n e e x t e n d i n g f r o m t h e r e s ­
e r v o i r t h r o u g h the p u m p to the c e n t e r of t h e t e s t s e c t i o n , t h e o t h e r e x t e n d i n g 
f r o m the c e n t e r of the t e s t s e c t i o n to the r e s e r v o i r t h r o u g h t h e h e a t e x ­
c h a n g e r . F o r t h e s e c a l c u l a t i o n s , the loop w a s d i v i d e d in to a p p r o x i n n a t e l y 
40 r e g i o n s . T h e e q u a t i o n s t r e a t two d i f f e r e n t nne thods for p r o v i d i n g b y p a s s 
c o o l a n t f low, i . e . , t h a t w h i c h d o e s not p a s s t h r o u g h the t e s t s e c t i o n . 

If a n e u t r o n f i l t e r i s l o c a t e d i n s i d e the loop p r i m a r y c o n t a i n ­
m e n t , c o o l a n t f low b e t w e e n t h e t e s t t r a i n and the f low d i v i d e r m u s t e n s u r e 
c o n t i n u e d c o o l i n g of the n e u t r o n f i l t e r . K a n e u t r o n f i l t e r i s no t l o c a t e d 
w i th in the p r i n n a r y c o n t a i n n n e n t , b y p a s s c o o l a n t nnight f low d i r e c t l y f r o m 
the punnp l eg b e l o w t h e e x p a n s i o n d e v i c e to t h e l o w e r p l e n u m of the h e a t 
e x c h a n g e r . E s t i n n a t e s of t h e s t e a d y - s t a t e loop p r e s s u r e d r o p for bo th t y p e s 
of c o o l a n t b y p a s s of t h e t e s t s e c t i o n h a v e b e e n nnade o v e r a w ide r a n g e of 
o p e r a t i n g c o n d i t i o n s . T h e s e d a t a a r e n e e d e d a s i n i t i a l - c o n d i t i o n i n f o r m a t i o n 
for the t r a n s i e n t s i m u l a t i o n of t h e F E F P loop u s i n g t h e C o n t i n u o u s S y s t e m 
M o d e l i n g P r o g r a m ( IBM s / 3 6 0 - C S M P ) . 

P u m p o p e r a t i n g c h a r a c t e r i s t i c s u n d e r t r a n s i e n t c o n d i t i o n s , 
i n c l u d i n g r e v e r s e f low, h a v e b e e n e s t i m a t e d . T h e s e o p e r a t i n g c h a r a c t e r ­
i s t i c s a r e i n c l u d e d in t h e F E F P l o o p t r a n s i e n t h y d r a u l i c m o d e l . I n i t i a l l oop 
t r a n s i e n t c a l c u l a t i o n s h a v e v e r i f i e d s t e a d y - s t a t e c a l c u l a t i o n s . T h e t r a n s i e n t 
c a l c u l a t i o n s w e r e p e r f o r m e d for l oop o p e r a t i o n w i t h o u t c o o l a n t b y p a s s of t h e 
t e s t s e c t i o n . L o o p o p e r a t i o n wi th b y p a s s f low wi l l b e s innu la t ed . 

b . L o o p D e v e l o p m e n t 

T h e A N L - I N C t a s k f o r c e p r e p a r i n g s y s t e m - e n g i n e e r i n g r e q u i r e ­
m e n t s fo r t h e F E F P L b e g a n w o r k . F e a t u r e s l i m i t i n g t h e d e s i g n of m a j o r 

''A. L. Gunby. Intermediaie Heat Exchanger Modeling for FFTF Simulation, BNWL-1367 (May 1970). 



122 

components of the system are being identified in view of functional range, 
physical-envelope res t r ic t ions , and facility operating res t r i c t ions . This 
information will be coordinated with experimental requi rements to es tab­
lish system capability. 

Examination of a sodium-to-helium heat exchanger as an a l te r ­
nate to the present sodium-to-helium-to-water heat exchanger has continued. 
The helium supply rate might limit the performance of the two-fluid heat 
exchanger, the three-fluid heat exchanger is limited by available heat-
transfer area. The existing helium system at the t e s t - r eac to r site was 
designed for a gas-cooled experiment, and modifications to the system might 
be required to increase flow rate and p re s su re drop. 

The annular linear-induction pump (ALIP) being tested at INC 
has been reworked to correct several deficiencies. An electr ical imbalance 
was corrected by reversing one phase of the three-phase connection, and 
several mechanical problems were identified and corrected. 

The model tes t - t ra in design is being modified to accept a 37-pin 
fuel bundle instead of the original 19-pin bundle. Full-length F F T F pins 
will be used in the model. 

Concept drawings of the hot- laboratory (FEF) handling equip­
ment have been prepared. Studies of the cask requirements to interface 
with the test reactor and hot laboratory are continuing. 

D. Fuel Dynamics Studies in TREAT. C. E- Dickerman (02-117) 

1. Transient In-pile Tests with Ceramic Fuel. C. E. Dickerman 
(Last reported; ANL-7783, pp 101 - 103, Feb 1971) 

a. F i r s t Mark-II-loop Experiments (Dl and D2) on Effects of 
Release of a Small Amount of Molten Fuel, Using Pins with 
Local High-enrichment Sections 

Preparat ion of the equipment for Test Dl has been completed. 
The pressure t ransducers , specified originally to be 1000-psi units, have 
been removed and replaced with 2500-psi units, which provide greater mar­
gin against diaphragm rupture. The t ransducer- to- loop seal was success­
fully leaktested with helium. A modification was made to the test t ra in to 
limit the axial load it could exert on the loop closure in the event of exces­
sive differential thermal expansion produced m a postulated accident. Fol­
lowing completion of this modification, the test t ra in was installed in the 
loop. The main closure seal was successfully leaktested with helium. P r e ­
test neutron radiography of the assembled equipment shows the test t ra in 
to be properly seated in the loop. P re tes t check of flow direction and in­
strument polarity have been completed. 
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The test specifications and safety analysis have been issued and 
safety review meetings held by the ICRS. 

Test Dl is planned to take place as soon as final safety approval 
and availability of the TREAT control system permi t . Experiment Dl r e ­
quires operat ion of TREAT at a constant power for most effective resu l t s . 
The tes t is to be run using the new TREAT control system when it is avail­
able, which is expected soon. 

2. Exper imental Support. M. B. Rodin (Last reported: ANL-7783, 
pp. 103-104, Feb 1971) 

a. Cask Fabr ica t ion 

Mater ia l cert if ications for all mate r ia l s for both casks have 
been received from the vendor and approved. (One cask was planned under 
this account; the other was added, at RDT request , to provide an increased 
general shipping capability.) All vendor quali ty-control and fabrication 
plans have been approved, except for one of the detailed procedures . An 
ANL inspector has visited the vendor ' s plant three t imes to witness cr i t ical 
production p rocedures and to verify qual i ty-control measu re s . Delivery of 
the f i rs t cask is expected about June 1, 1971. 

Before the Mark-II loop cask is ready, the existing 24-ton 
Yankee s ingle-element cask will be used. The s ingle-element shipping 
cask with its associa ted specia l - form container has been erected and 
opened for checkout. Cer ta in fea tures , principally external welds, have 
been inspected and found acceptable. As received, the cask was free of 
loose contamination on the external surfaces , but some was found on the ex­
posed surfaces under the lid. This has been cleaned down to a safe working 
level. However, the specia l - form container was not removed from the cask, 
and it is assumed that some contamination remains in the cask cavity, but 
we believe that this remaining contamination will not interfere with handling 
of loops. 

A t r i a l assembly with a Mark-II loop has been made with the 
specia l - form container , but a bear ing block of the clamping mechanism 
prot rudes enough to prevent the loop from fully entering the cavity. After 
this is cor rec ted , the specia l - form container will be checked to confirm 
that it can be p roper ly closed with a loop inside. 

b. P r epa ra t i on of Last Six Mark-II Loops from FY 1970 Stocks 

The Mark-II A4 integral loop assembly was completed and de­
l ivered for outfitting. 

Assembly operat ions on the Mark-II 5A and 6A loop body weld-
ments were suspended for lack of funds. The operations a r e limited to 
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preparing closure tubes for installation on both loops and prepar ing the 
pump flanges for installation on the A 6 loop. 

The ALIP A4 stator has been mechanically assembled. The 
final closure welds and inspection tes ts a re scheduled for completion next 
month. 

A new holder for the L2 test section is being designed to incor­
porate a prototype void-detection system. A layout has been completed, 
and detail design is proceeding. Purchase o rders for long-lead i tems 
(metal-sheathed electr ical conductors and thin-wall s tainless steel tubing) 
have been initiated. 

c. Preparat ion of Advanced Mark-II Loops for Use in Future Tests 

The revised layout for the Mark-IIC (stretched Mark-II loops) 
has been completed. The layout is being reviewed by the exper imenters 
before detailed design drawings are begun. 

d. Preparat ion of Handling Equipment for Routine Alpha-cave 
Operations on Mark-II Loops 

The transfer port for handling Mark-II sodium loops at the FEF 
glovebox has been given a preoperational checkout for proper operation. 
After being crated, it and the loop support table will be shipped to F E F for 
installation and final checkout. 

3. Analytical Support. A. B. Rothman (Last reported: ANL-7783, 
pp. 104-106, Feb 1971) 

a- Analysis of Transient In-pile Experiments 

Experiment Dl is the first of the D ser ies of experiments in­
tended to investigate the actual fuel-release phase in studies of the behavior 
of small amounts of molten-oxide fuel re leased from a failed pin into the 
flowing liquid-sodium coolant. Survey-type fuel-pin performance calcula­
tions using the SASIA-ASH code were reported (see P r o g r e s s Report for 
September 1970, ANL-7742, pp. 138-140) for a "flattop" power rating of 
40 kw/ft in the localized enriched-fuel section of the central pin of a 
seven-pin cluster arrangement. This power rating is about 23% higher 
than the 20% reactor overpower condition of F F T F . Therefore, resu l t s of 
SASIA-ASH calculations for a power rating and experimental conditions 
representative of F F T F for two different t ransients are reported here . 

Descriptions of the test pin and calculational procedure are in 
ANL-7742. Present calculations are based on an experimental calibration 
factor of 7.47 j / g of UO^ for the 93%-enriched fuel section and 3.36 j / g of 
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U02 p e r M W - s e c of T R E A T e n e r g y for the 2 6 % - e n r i c h e d fuel , wh ich differ 
a p p r e c i a b l y ("-15-20%) f r o m t h e S N A R G - 2 D - c a l c u l a t e d v a l u e s u s e d e a r l i e r . 

Fig. VIII.5. Point-kinetics-calculated 
Power and Energy Profiles 

T h e f i r s t p o w e r t r a n s i e n t 
( C a s e 1) c o n s i d e r e d c o r r e s p o n d s 
to a r e a c t i v i t y s t e p i n s e r t i o n of 
kex = 0-01 p l u s a r a m p of 0 . 0 0 3 4 / 
s e c a t the p e a k p o w e r . The p o i n t -
k i n e t i c s - c a l c u l a t e d T R E A T p o w e r 
and e n e r g y p r o f i l e s a r e shown in 
F i g . V I I L 5 . No te t ha t the 
t e m p e r a t u r e - f e e d b a c k effect p u l l s 
down the p o w e r l e v e l to 64 MW 
f r o m a p e a k p o w e r of 95 MW b e f o r e 
the effect of r e a c t i v i t y - r a m p in ­
s e r t i o n i s fe l t . R e s u l t s of SASIA-
ASH c a l c u l a t i o n s for a l i qu id -

s o d i u m f low r a t e of 560 c m / s e c a t a c o n s t a n t i n l e t t e m p e r a t u r e of 400°C 
a r e s h o w n i n F i g . VIII . 6. A s e x p e c t e d , d i f f e r e n t t e m p e r a t u r e p r o f i l e s fo l low 
the g e n e r a l t r e n d of the p o w e r 
t r a n s i e n t . M o r e t h a n 60% of the 
e n r i c h e d UOj i s e s t i m a t e d to be 
m o l t e n a t t h e t r a n s i e n t t i m e of 
12.8 s e c , w h i c h c o r r e s p o n d s to 
an i n t e g r a t e d T R E A T p o w e r of 
1000 M W - s e c . The c e n t e r l i n e 
fuel t e m p e r a t u r e i s c a l c u l a t e d 
to b e w e l l in e x c e s s of i t s b o i l i n g 
po in t (~3550°C at S T P ) by n e ­
g l e c t i n g fuel v a p o r i z a t i o n . In 
r e a l i t y , the fuel t e n n p e r a t u r e i s 
not e x p e c t e d to e x c e e d i t s b o i l ­
ing po in t , b e c a u s e the h e a t of 
v a p o r i z a t i o n i s abou t 1800 j / g 
of UO2. Both c l a d d i n g and c o o l ­
ant a r e r e l a t i v e l y co ld . T h e s t r e n g t h of the s t a i n l e s s s t e e l tube i s d e m o n ­
s t r a t e d b y a r e l a t i v e l y s m a l l d e f o r m a t i o n (0 .016 c m / c m at 11.0 sec) in the 
hot s e c t i o n of fuel . T h e ef fec t of fuel v a p o r i z a t i o n , which i s not c o n s i d e r e d 
in the SASIA c o d e , would b e i m p o r t a n t in t e r n n s of l oad ing on the c l a d d i n g . 
At a n y r a t e , by t h e m e r e v i r t u e of a l a r g e a m o u n t of fuel m e l t i n g , it a p p e a r s 
l i ke ly t h a t the c e n t r a l p in would fa i l due to m o l t e n - f u e l i n t e r a c t i o n wi th the 
c l a d d i n g . 

T h e s e c o n d p o w e r t r a n s i e n t ( C a s e 2) c o n s i d e r e d h e r e i s s i m i l a r 
to the f i r s t o n e , e x c e p t t ha t t h e r e a c t i v i t y - r a n n p i n s e r t i o n r a t e i s 0 . 4 % / s e c 
and the f e e d b a c k c o n t r o l s y s t e m i s u s e d a t 4 .0 s e c , so t h a t a c o n s t a n t r e a c ­
t o r p o w e r of 76 MW is a t t a i n e d ( s e e F i g . VIII .5) . T h i s t y p e p o w e r t r a n s i e n t 
i s p e r h a p s m o r e d e s i r a b l e to s i m u l a t e t h e s t e a d y - s t a t e o p e r a t i o n of the 
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Fia. VIII.6. Calculated Parameters for Case 1 



126 

FFTF reactor, granting, of course, that a fresh fuel pin is used here ra ther 
than a preirradiated element. Central-pin power for this constant power 
level is 32.4 kw/ft in the 93%-enriched section and 14.6 kw/ft in the 26%-
enriched region. Fuel-pin conditions are calculated for a lower liquid-

sodium flowrateof 445 c m / s e c , 
I 4000 

Maiimum 
fuel 

which i s r e p r e s e n t a t i v e of the 
coo lan t flow r a t e in F F T F . In 
th i s c a s e , a s in the p r e v i o u s c a s e . 
a c o n s t a n t in le t t e m p e r a t u r e of 
400°C i s u s e d in SASIA-ASH c a l ­
c u l a t i o n s , a l though the in l e t coo l ­
ant t e m p e r a t u r e could r i s e by a s 
m u c h a s 50°C ove r the t r a n s i e n t . 
R e s u l t s of t e m p e r a t u r e p r o f i l e s 
and m a s s f r a c t i o n of m o l t e n UOj 
in the hot s e c t i o n a r e shown in 
F i g . VIII. 7. Note tha t a l l c u r v e s 
tend to r e a c h t h e i r a s y m p t o t i c 
v a l u e s . H e r e aga in , the c ladd ing 
i s r a t h e r cold and s t r o n g - - t h e 
m a x i m u m c a l c u l a t e d s t r a i n is 
only 0.012 c m / c m . T h e f u e l p e a k 
t e m p e r a t u r e in t h i s c a s e does 
exceed i t s bo i l ing poin t by about 

400°C b e c a u s e the fuel v a p o r i z a t i o n effect h a s b e e n n e g l e c t e d . The m a x i m u m 
f r ac t ion of 93%-enr i ched UO2 m o l t e n d u r i n g the t r a n s i e n t i s c a l c u l a t e d to be 
only 32%, i . e . , to a r a d i a l ex tent of 56% or up to 0.14 c m of i t s r a d i u s of 
0.246 cm. F u e l - p i n f a i l u r e due to m o l t e n - f u e l i n t e r a c t i o n wi th the c ladding 
is a p o s s i b i l i t y . 

Fig. VIII.7. Calculated Parameters for Case 2 

F o r T e s t E4 , r e s u l t s of the SASIA-ASH code w e r e c o m p a r e d 
with the e x p e r i m e n t a l o b s e r v a t i o n s r e p o r t e d p r e v i o u s l y . (See P r o g r e s s 
R e p o r t for J a n u a r y 1971, A N L - 7 7 7 6 , pp . 107-109.) T e s t E4 i s the f i r s t 
M a r k - I I - l o o p e x p e r i m e n t on fuel m o v e m e n t in the f a i l u r e of a m i x e d - o x i d e 
fuel e l e m e n t d u r i n g a p o w e r - e x c u r s i o n a c c i d e n t . The SASIA-ASH code u s e s 
a t w o - p h a s e s l ip - f low m o d e l for coolant h y d r o d y n a m i c s . Al though th i s 
c o o l a n t - h y d r o d y n a m i c s modu le p r e d i c t e d the in i t i a l t i m e for the o n s e t of 
sodiunn boi l ing , the c a l c u l a t e d r a t e of void g rowth was lower by a f ac to r of 
two. Ca lcu la t ions for th i s t e s t have been r e p e a t e d wi th the c u r r e n t l y in ­
c o r p o r a t e d s l u g - e j e c t i o n coolant modu le in the SAS code s y s t e m . P r e l i m i ­
n a r y r e s u l t s ind ica te the in i t i a t ion of s o d i u m boil ing a t about 1.5 c m below 
the top of the m i x e d - o x i d e pe l l e t at 1.9644 s e c , which is rough ly 15 m s e c 
l a t e r than the t i m e p r e d i c t e d by the SASIA-ASH code . Th i s d i s c r e p a n c y is 
a s s o c i a t e d wi th the a s s u m p t i o n of cons t an t power g e n e r a t i o n a c r o s s the t e s t 
pin in the c u r r e n t c a l c u l a t i o n s . 

F i g u r e VIII.8 shows p r e l i m i n a r y r e s u l t s for the f o r m a t i o n and 
d e s t r u c t i o n of sod ium vapor bubb le s for 50°C s u p e r h e a t with an i n i t i a l 
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liquid-film thickness of 0.03 cnn. 
The initial vapor bubble (slug) is 
fornned at about 1.5 cm below the 
top of the fuel. This bubble is 
pushed upward into the cooler 
plenum region. An internnediate 
liquid slug is created whena sec­
ond vapor bubble is fornned below 
thef i r s t one. The vapor p r e s s u r e 
in the lower vapor bubble exceeds 
that in the upper one, so the inter­
mediate liquid slug is accelerated 
upwards, until the upper vapor 
bubble collapses. In addition to 
creation and collapse of these 
large bubbles, some 10-12 smaller 
bubbles are also formed and de­
stroyed almost instantaneously. A 

p re s su re pulse should be associated with each bubble collapse. The time of 
the first bubble collapse cannot be compared directly with the tinne of the 
first measured p r e s s u r e spike (-1.978 sec) because the present calculations 
are based on unifornn radial power generation. More detailed analysis is 
under way. These calculation resul t s were obtained with the current ver­
sion of the nnultiple-bubble nnodel, which does not incorporate effects of 
p r e s su re gradients within a bubble or friction between vapor and liquid film 
on the cladding and walls. Those effects (now being incorporated into SAS 
under Accident Analysis and Safety Evaluation) nnight nnake significant 
differences. 

Time since Slarl Of boiling, msec 

Fig. VIII.8. Preliminary Results of Slug-ejection 
Coolant Module for Test E4 

b . E v a l u a t i o n and D e v e l o p m e n t of F u e l - m o v e m e n t M o d e l s 

A n a l y s e s of i n - p i l e e x p e r i n n e n t s p e r f o r m e d u s i n g the D E F O R M 
m o d u l e of SAS h a v e b e e n r e v i e w e d . 
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E . H i g h - t e m p e r a t u r e P h y s i c a l P r o p e r t i e s a n d E q u a t i o n - o f - s t a t e of 

R e a c t o r M a t e r i a l s . M . G. C h a s a n o v ( 0 2 - 1 1 9 ) 

1. H i g h - t e m p e r a t u r e P h y s i c a l - p r o p e r t y S t u d i e s . M . G. C h a s a n o v ( L a s t 

r e p o r t e d : A N L - 7 7 8 3 , p p . 1 0 7 - 1 0 8 , F e b 1 9 7 1 ) 

a . E x p e r i m e n t a l D e t e r m i n a t i o n of E n t h a l p i e s a n d H e a t C a p a c i t i e s 

of M o l t e n ( U O . 8 , P U Q . 2 ) 0 2 M a t e r i a l s 

D a t a on t h e e n t h a l p y a n d h e a t c a p a c i t y of f u e l m a t e r i a l s a r e 

n e e d e d t o c a l c u l a t e f u e l t e m p e r a t u r e s r e s u l t i n g f r o m h y p o t h e t i c a l r e a c t o r 
a c c i d e n t s . E v a l u a t i o n of D o p p l e r s h u t d o w n c h a r a c t e r i s t i c s , e x t e n t of f u e l 

m e l t i n g , a n d c l a d d i n g i n t e r a c t i o n s r e q u i r e s t h i s i n f o r m a t i o n . 

T h e t e c h n i q u e w e a r e u s i n g t o m e a s u r e e n t h a l p i e s a n d h e a t 

c a p a c i t i e s i s b a s e d on t h e m e t h o d of m i x t u r e s . T h e e n c a p s u l a t e d s a m p l e 

i s e q u i l i b r a t e d a t t h e d e s i r e d t e m p e r a t u r e a n d d r o p p e d i n t o a n a d i a b a t i c 

c a l o r i m e t e r . F r o m t h e t e n n p e r a t u r e r i s e of t h e c a l o r i m e t e r , t h e e n t h a l p y 

of t h e s a m p l e p l u s t h e c a p s u l e c a n b e c a l c u l a t e d . T h e n t h e n n e a s u r e m e n t 

i s r e p e a t e d w i t h a n e m p t y c a p s u l e , a n d t h e e n t h a l p y of t h e s a m p l e i s f o u n d 

b y d i f f e r e n c e . 

T h e c a l o r i m e t e r s y s t e m p r e v i o u s l y u s e d f o r m e a s u r e m e n t s of 

t h e e n t h a l p y , h e a t of f u s i o n , a n d h e a t c a p a c i t y of UO^ h a s b e e n m o d i f i e d f o r 

w o r k w i t h ( U , P u ) 0 2 m i x e d - o x i d e f u e l . H o w e v e r , b e f o r e w o r k w a s b e g u n o n 

t h e p l u t o n i u m - c o n t a i n i n g m a t e r i a l , a n a d d i t i o n a l h i g h - t e m p e r a t u r e m e a s u r e ­

m e n t w a s p e r f o r m e d a t 3 5 2 3 ° K w i t h UO^ . A l l t h e d a t a w e h a v e o b t a i n e d o n 

l i q u i d U O j , a l o n g w i t h s o m e of t h e h i g h e r - t e m p e r a t u r e v a l u e s o n s o l i d UO^ , 

a r e s h o w n i n F i g . V I I I . 9 . A s c a n b e s e e n , t h e h i g h e s t t e m p e r a t u r e p o i n t i s 

i n g o o d a g r e e m e n t w i t h t h e o t h e r d a t a . 

A l s o s h o w n i n t h e f i g u r e a r e t h e l i q u i d 
d a t a of H e i n a n d F l a g e l l a , * w h i c h a g r e e 

w e l l w i t h t h e p r e s e n t v a l u e s . T h e h e a t 

c a p a c i t y of l i q u i d UO^ d e t e r m i n e d f r o m 

o u r d a t a i s 3 2 . 5 c a l / m o l - ° K . 

W e h a v e b e g u n n n e a s u r e m e n t s o n 

( U , P u ) 0 2 m i x e d - o x i d e f u e l a n d h a v e c o m ­

p l e t e d e x p e r i m e n t s t o 3 0 4 1 ° K . W e a r e 

e v a l u a t i n g t h e d a t a a n d p e r f o r m i n g 

c h e m i c a l a n d m e t a l l o g r a p h i c a n a l y s e s o n 

t h e h e a t e d s a n n p l e s . 

Fig. VIII.; Enthalpy of UO2 as a Function 
of Temperature 

*R. A. Hein and P. N. Flagella, GEMP-578 (1968). 
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F. Fuel-Coolant In teract ions . R. W. Wright (02-164) 

1. Par t i c le Heat- transfer Studies. D. R. Armstrong (Last reported: 
ANL-7726, p . 159, July 1970) 

a. Experiments Immersing Single Sphere in Sodium 

The experimental study of transient-boil ing heat t ransfer from 
tantalum spheres to sodium has been completed, and data are being ana­
lyzed and reduced. A theoret ical model that explains the sphere-sodium 
interaction is being developed. 

In a qualitative way, the experimental resul ts show that stable 
film boiling, under natural-convection conditions, takes place when the 
sodium tempera ture is above 850°C and the surface temperature is above 
1550°C. As the surface tempera ture drops below that level, the sodium 
film breaks and transi t ion boiling takes over. 

The magnitude and frequency of the p r e s su re pulses constitute 
a useful means for identifying the various boiling reg imes . In this manner, 
the onset of t ransi t ion boiling is easily described. The same phenomenon 
was also observed in pre l iminary experiments in water using stainless 
steel spheres . 

Violent t ransi t ion-type boiling with expulsion of sodium occurs 
when the sodium tempera ture is in the range of 750-840°C and the initial 

sphere temperature is about 
2300°C. At sodium tempera­
tures below 830°C, transi t ion 
boiling lasts only a short 
t ime and is followed by nucle­
ate boiling. 

A finite-difference 
technique v/as used to solve 
the heat equation and obtain 
the temperature distribution 
in the sphere as a function of 
t ime. The surface heat flux 
and heat - t ransfer coefficient 
are calculated using the tem­
pera ture distribution. The 
resul ts from one of the runs 
in which stable filnn boiling 
took place are shown in 
Fig. VIII. 10. The surface heat 
flux is plotted against 
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Fig. VIII.10. Surface Heat Flux from Tantalum Sphere to 
Sodium. The sodium was at 1607°F (875°C); 
initially, the l.OO-in.-dia sphere was at 
3894"? (2145''C). 

log T g ^ ' p , w h e r e T g ^ j i s the 
d i f f e r e n c e b e t w e e n the s p h e r e -
s u r f a c e t e m p e r a t u r e and the 
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saturation temperature of sodium. The three boiling regimes (film boiling, 
transition boiling, and nucleate boiling) are apparent in the figure. 

G. Post-accident Heat Removal. R. W. Wright (02-165) 

1. Core-debris Retention within the Reactor or Guard Vessel . 
R. P. Anderson and L. Bova (Last reported: ANL-7776, pp. 122-123, 
Jan 1971) 

a. Experiments 

One of the major unknown factors in evaluating meltthrough of 
the core debris from a reactor accident is the ability of containment vessels 
and plates to transfer heat downward into a coolant beneath the plate. 
Whether the debris bed will melt through the core support plate depends on 
the balance between the heat conducted into the plate from the debris and 
the heat lost from the plate to the coolant. Heat-transfer calculations (see 
Progress Report for April-May 1970, ANL-7688, p. 248) show that, 4 hr 
after an accident, the coolant needs to dissipate about 100,000 Btu/hr-ft^ 
from the plate bottom to prevent melting. With sufficient bypass coolant 
flow, this heat load can be t ransferred by natural convection. If the bypass 
flow is insufficient, the sodium in the plenum will slowly heat up and even­
tually begin to boil. After boiling s ta r t s , the integrity of the support plate 
will depend on the maximum boiling heat- transfer ra te . 

Numerous equations have been proposed for calculating maxi­
mum boiling heat-transfer rates (commonly called DNB or burnout) for 
various conditions. Because the underlying physical mechanisms that cause 
burnout are not well understood, the equations used are experimental cor­
relations . Large e r r o r s can result from attempts to extrapolate any burn­
out equation far beyond the range of the experimental data. If the sodium 
saturation temperature is reached, core-support-plate cooling will depend 
on the burnout heat flux for a large sodium-cooled downfacing plate. Eval­
uating the effect of a large downfacing plate was difficult because very few 
downfacing burnout points have been measured, and then only on smal l - and 
medium-size heated plates (S2-in. diameter) . Plate diameter is expected 
to be a major determining factor in downfacing burnout, because all the 
vapor generated over the entire surface must escape around the per imeter . 
Since the average vapor thickness at the edge of a heated plate is propor­
tional to the diameter, the peripheral heat transfer should be strongly 
decreased in large plates. 

Figure VIII. 11 shows laboratory apparatus used to measure 
downward boiling heat transfer and burnout below medium- to l a rge-s ize 
plates (2-in. to 2-ft diameter) . The boiling fluid was F r e o n - U , and the 
heat was supplied by circulating hot water across the top of the plate. 
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A flow d i s t r i b u t o r p r o v i d e d an a d e q u a t e s u p p l y of hot w a t e r to a l l p o r t i o n s 
of the p l a t e , and m a x i n n u m t e m p e r a t u r e d e v i a t i o n a c r o s s the p l a t e w a s k e p t 
b e l o w 2°C. 

Fig. VIII.11. Experimental Apparatus for Measure­
ment of Downfacing Heat Transfer 

The h e a t f lux w a s b a c k - c a l c u l a t e d f r o m the r a t e of F r e o n 
w e i g h t l o s s due to b o i l i n g . Th i s m e t h o d n e c e s s a r i l y g i v e s a n a v e r a g e h e a t 
f lux a c r o s s the w h o l e p l a t e . 

P r e l i m i n a r y e x p e r i m e n t a l r e s u l t s a r e s h o w n in F i g . VII I .12 . 
The h e a t - r e m o v a l c a p a b i l i t y d e c r e a s e d s t r o n g l y w i th i n c r e a s i n g p l a t e 
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Temperature and Saturation Temperature for 
Freon-11 for Plates of Three Diameters 
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diameter. For the 2- and 12-in. plates, the maximum heat flux was pro­
portional to the reciprocal of the plate diameter . These initial resul ts 
show that boiling beneath large plates is an inefficient cooling mechanisnn. 

H. TREAT Operations. J. F . Boland (02-122; last 
reported: ANL-7783, p. I l l , Feb 1971) 

1. Operations 

Experiment HEDL-PNL-2-10, containing a fuel element previously 
i rradiated in EBR-II, was subjected to a transient and is in storage at 
TREAT pending examination of the posttransient neutron radiographs. 

Experiment GE-C4H was subjected to a transient designed to cause 
pin failure and is also in storage pending examination of the post transient 
neutron radiographs. 

The capsule heaters failed in experiment GE-C4G after it had been 
loaded into the reactor for calibration t ransients . The experiment was r e ­
turned to GE for repair of the heaters and is ready for shipnnent back to 
TREAT when the T-2 cask becomes available. 

Experiment RAS-Dl was loaded into a Mark-II sodium loop, radio­
graphed, and placed in storage until the automatic power-level control 
system becomes operational. 

Neutron radiographs were made of elements from EBR-II experi­
mental subassemblies X0 54 and XI08. 

a. Automatic Power Level Control System 

Computer control of the hydraulic rod-drive system was found 
satisfactory during preoperational tes t s . Completion of this phase of sys­
tem checkout was delayed by difficulties with the punched-paper-tape output 
from the central IBM 360 system (on which the programs for the MAC-16 
computer at TREAT are compiled). Operation of the reactor under com­
puter control is the next phase of the testing program. The f irst tes t is 
scheduled for early April. 
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1. Reactor System and Containment Structural Dynamic 
Response. S. H. Fis tedis (02-126) 

1. Hydrodynamic Response of P r i m a r y Containment to High-energy 
Excursion. Y. W. Chang (Last reported; ANL-7776, pp. 124-134, 
Jan 1971) 

a. P a r a m e t r i c Studies of System Geometr ies and Excursion Mag­
nitudes and Durations to Ass is t F F T F Accident Analysis. 
T. J . Marciniak, J . Gvildys, and Y. W. Chang (Last reported: 
ANL-7776, pp. 124-125, Jan 1971) 

As par t of an F F T F postaccident hea t - removal (PAHR) study, the 
condition of the reac tor internals following a postulated flow coastdown ac­
cident was evaluated. The accident analyzed a zone involving approximately 
60% of the core in which 60% of the fuel was melted. Sodium was assumed 
to be p resen t in the zone due to reen t ry and was mixed with the molten fuel. 
The P-V curve for this zone was determined using two models: 

(1) A modified Hicks-Menzies calculation, in which molten fuel 
is mixed with the coolant and reaches thermodynamic equil ibrium. The so­
dium is allowed to expand adiabatically to about 11 atm while decoupled 
thermodynamically from the fuel. The total work calculated was 152-MW-sec. 

(2) A f ini te-ra te hea t - t ransfer model with sodium expansion to 
about 10 atm, in which the total work done is 27.2 MW-sec. 

A model was devised to use REXCO-H radial s t ra in data in the 
originally unaffected core region to evaluate the amount of flow blockage 
during the calculation. Since the REXCO-H code is based on a hydrodynamic 
model, the deformation in the region of the fuel and reflector subassemblies 
is conservative in that the mechanical s t rength of these s t ruc tures is 
ignored. However, the regions a re represented by P-V curves which take 
into account all the ma te r i a l s p resen t in a subassembly in their cor rec t 
proport ions and weight, so that iner t ia effects are considered correc t ly . 
Results show that flow blockage in a subassembly may be expected at about 
8 msec in Model 1 and at 1 6 msec in Model 2. Deformations in the region 
of the reflector subassembl ies indicate possible shear of the flow tubes on 
which the Inconel is stacked and subsequent blockage of these a r e a s . 

An interest ing application of REXCO-H and the NASTRAN 
fini te-element s t ruc tura l code was made in evaluating the response of the 
core - suppor t s t ruc ture and sk i r t . A load-t ime his tory on the core-suppor t 
s t ruc ture was calculated using REXCO-H, and this was applied to a NASTRAN 
model of the core support and sk i r t . Of pr ime in teres t was the deflection of 
the core -suppor t s t ruc ture m the region of the support lugs. Calculations 
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indicate that although the dynamic loading did exceed the static yield load 
in the core-support skirt , it was for very short t imes and the s t ructure 
will survive the postulated accident. Deflection of the core support at the 
lugs was about 0.02 in. 

Since the time of the completion of this study in which the load-
time history was hand-integrated over the surface of the core support 
s t ructure, a feature has been added to the program which allows direct in­
tegration and graphical output of the loading 

A detailed report has been prepared as part of the postaccident 
heat-removal study. 

b . Insertion of Heat Transfer into Codes. T. J. Marciniak (Last 
reported: ANL-7776, p. 133, Jan 1971) 

Work is continuing on the inclusion of heat- t ransfer effects in 
postburst accident analysis on essentially two fronts. The first , and pr i ­
mary purpose, is to develop dissipative heat- transfer models; the second 
is concerned with the inclusion of pressure-producing heat- t ransfer 
phenomena-

The dissipative mechanisms would include conductive, radiative, 
and convective effects that would transfer heat energy from hot, high-
pressure regions to relatively cool regions, thus reducing the amount of 
work damage to the reactor s t ructure . Of innmediate concern would be 
mechanisms that would transfer heat from the hot, h igh-pressure core 
region, "whether the high-pressure vapor is fuel or sodium; of secondary 
concern would be condensation effects in the upper region of the reactor due 
to the presence of a large mass of relatively cool sodium and s t ructural com­
ponents. These condensation effects nnight reduce the damage potential of 
vessel-head movement and subsequent sodium spillage. 

To incorporate these various modes of heat t ransfer into 
REXCO-H, numerical techniques compatible with the Lagrangian coordinate 
system must be devised. The most obvious mode amenable to such t rea t ­
ment is the heat-conduction equation in cylindrical coordinates, which is 
given as 

J. ST _!_ d^T\ 
I- Sr S z V ' 

dT /S^T 

By app l i ca t i on of the midpo in t m e t h o d , u s e d i n the d e v e l o p m e n t of the dif­
f e r e n c i n g t echn ique for the R E X C O - H h y d r o d y n a m i c e q u a t i o n s , * the 

Y, W. Chang, J. Gvildys, and S. H. Fistedis, Two-dimensional Hydrodynamic Analysis for Primary 
Containment, ANL-7498 (Nov 1969). 
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difference equations for the various quantities shown in the parentheses on 
the right side of Eq. (1) are given as follows (for clarification of the nomen­
clature , see Fig. VIII-13: 

( T I , J - T i .L ,J - i ) (z i , J+i + z n , j - zj J . , - zj+j^j) 

- ( ^ I - i . J - T i , j . i ) ( 2 i , j + , - zi_,_j - zi , j_i +zi+, j ) (2) 

where 

^ , j = i [(--Lj+i - ' ^ i , j - i ) ( v , , j - V t . j ) - ( " i , j + , - " i , j - i ) ( "^ i+ i . j - "^i-t.j) 

(3) 

and 

1 ^T •ST\ , f S T \ /aT\ 
r S r / i , j 4Rj,g„t |^\Sr/i_j \ Sr/i+i^ j \dr/i+i^ ,J+i 

ST 

' • ' I .J+i. 
(4) 

where R^ent is the centroidal radius of the cell . Extending the technique 
further yields 

afT\ 
2A 1,J Sr/ l . J+i \S r / i+ l ! j . I+l,J+l I,J/ 

3T\ 

Sr/ i+i , j+i 
ST 

3 r / l , J ' l ,J+l " ^I+1,J (5) 

The t e rm 

a^T 
3 I,J 

is derived in a s imi lar manner . 

To determine the validity of the 
set of difference equations in solving 
the conduction equation, a test case was 
defined for which an analytical solution 
and other numerical solutions exist . 

Fig. VIII.13. TypicalMeshPoint {I.J),Illustrating The tes t problem was defined as an in-
Finite-differencing Notation finitely long cylindrical steel rod of 
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radius a, with an initial uniform temperature of 1000°C with the wall held 
at O^C. This transient problem was solved analytically and numerically by 
using the THTB heat-transfer code. The THTB and analytical solutions 
agreed very well. However, with the above differencing technique, com­
parable solutions were not obtained. Near the wall, the response was conn-
parable, but near the centerline, the temperature apparently remained 
constant. A modification of the differencing technique might be needed be­
cause the Laplacian (the t e rm in parentheses in Eq. 1) becomes identically 
zero for the central zone. Investigation of this fault is continuing. 

Work has also resumed on the incorporation of a fuel-coolant 
interaction model into REXCO. One aspect of this work involves the devel­
opment and inclusion of a two-phase equation of state for sodium that would 
allow for expansion of the liquid phase during heating, vaporization of 
sodium, and finally expansion of the sodium vapor, all as part of a continu­
ous calculational procedure. The equation of state for the liquid expansion 
has already been formulated. (See Progress Report for October 1970, 
ANL-7753, pp. 167-168.) Presented here is a technique for determining 
the quality and temperature of a sodium vapor-liquid mixture given the en­
thalpy and specific volume of the mixture. 

The equations describing the two-phase sodium mixture are 

hg = 0.77881 X 10" - 6.14965 x I O ' T + 0.43455 x lO^T^ 

-9.7274T^, 

hf = -3 .8566 X 10'° + 8.13507 x lO^T - 0.4399 x lO^T^ 

+ 9.3842T', 

(6) 

Pg^t = 1.01325 X lO^T-"-"^" exp(l5.3838 - i i Z i M V , (gj 

3.6132 X 1 0 ' - ^ , 
Psat 

T 
Vf = Via exp i a(T) dT 

z = -0.97258 + 0.42417 x 10"^T = 0.28996 x lO'^T^ 

+ 0.55424 X 10"'T^ * 

(9) 

(10) 

(11) 
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and 

a(T) = 0.21968 x 10"^ + 0.81226 x 10"' + 0.97135 x 10-"T^ 

+ 0.68998 x 10-'^T^ (IE) 

where T is t empera tu re in °K, h is vapor enthalpy in dyne-cm/g, hj is 
liquid enthalpy in dyne -cm/g , Pg^^ is saturat ion p re s su re in dyne/cm^, 
Vg is vapor specific volume in c m y g , V£ is liquid specific volume in 
cmVg, z is the compress ib i l i ty factor, and a(T) is coefficient of thermal 
expansion in ° C ' ' . 

The specific volume and enthalpy of a liquid-vapor mixture of 
sodium are given as 

V = xvg + (1 - x ) Vf (13) 

and 

h = xh + (1 - x) hf, (14) 

where x is the quality of the mix ture . The known quantities in the above 
at any given i tera t ion of REXCO-H are the specific volume and the enthalpy. 
The unknown quantities a re the quality and tempera ture of the mix ture . To 
solve the set of equations, a Newton-Raphson technique for a set of two non­
linear a lgebraic equations has been applied. 

In general , if one has two simultaneous nonlinear equations of 
the form * 

F(x,T) = 0, ^ 
}• (15) 

G(x,T) = 0, J 

one can make an initial guess (XQ.TQ) as the solution of the equations. How­
ever, the t rue solution is (x^+6,5, TQ+C^), so that 

F(x(, + 6o, To + eo) = 0; ^ 

G(xo + 6o, To+Co) = 0. J 

Expanding Eqs . 16 about (XQ, TQ) and neglecting h igher -order t e r m s , one 
gets 
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F(x„+6o, T„+e„) = F(xo. T„)+ 6 „ ^ ^ j + e o ( | | ) = 0; 

G(xo + 6o, To+eo) = CI(xo, T„) + 6 o ( - ^ j + ̂ o[-£) = °-

(17) 

It is straightforward to solve Eqs. 17 for 65 and Eo and make a second guess 
(xi, T j = (xo+ 60, To + So)- One can continue this process until one gets 
sufficiently close to the solution for a given e r r o r cr i ter ion. 

By application of the above to Eqs. 13 and 14, one gets 

F ( x , y ) = V - XV - (1 - x ) V£ = 0 

and 

G(x,y) xh - (1-x) hf (18) 

It is straightforward to calculate S F / S X , S F / S T , Sc/dx, and (5G/ST to 
solve for 6 and e. 

Several test cases were run using the above technique; conver­
gence was quite rapid for an e r ro r of 0.001 in quality and 1°C in tempera­
ture. For example, in an initial guess of (0, 273.1), the solution converged 
in eight steps to the correct x and T for a specific volume of 5882 c m y g 
and an enthalpy of 4.67 x 10'° dyne-cm/g (x = 0.489, T = 1030°K). It is ex­
pected that convergence will be much more rapid during an actual case be­
cause initial guesses will be closer to the solution. 

The above subroutine has been added to the heat- t ransfer ver­
sion of REXCO and is being debugged. 

Development of the above models will be useful in calculating 
both dissipative heat- transfer phenomena and pressure-producing phenomena. 
The first model, that of conduction heat t ransfer , is a model numerically 
compatible with the present REXCO-H Lagrangian technique. It might be 
possible to apply thermal conductivities in the regions of contact betv^een 
gaseous and liquid or solid phases that simulate the heat- t ransfer rate, if 
not the precise mechanism of energy t ransfer . The second model is useful 
in the overall program development, because it supplies a two-phase equa­
tion of state for sodium that can be used not only for pressure-producing 
phenomena, such as the fuel-coolant interaction, but also for dissipative 
phenomena, such as condensation of sodiunn vapor in relatively cold regions, 
as in the sodium pool above the reactor core. 



139 

c . G e n e r a l I m p r o v e m e n t of C o d e s . Y. W. Chang (Not p r e v i o u s l y 
r e p o r t e d ) 

The c o n s t i t u t i v e r e l a t i o n s u s e d in the R E X C O - H c o m p u t e r code 
h a v e b e e n i m p r o v e d . F o r e l a s t i c - p l a s t i c m a t e r i a l , the M i s e s - H e n c k y y i e l d 
c r i t e r i o n i s u s e d , n a m e l y , 

* = oi, - o , o^ + o i - On = 0, 

w h e r e Ow, and Og a r e the p r i n c i p a l s t r e s s e s , and OQIS the y i e l d s t r e s s of 
the g i v e n m a t e r i a l u n d e r u n i a x i a l s t r e s s c o n d i t i o n s . A s s u m e tha t , a t t i m e 
^n+l ,̂ ^ n . n . n , n 
t , t he s t r e s s e s o , and o„ , s t r a i n s £ , and £^ , and s t r a i n i n c r e m e n t s 
. n+l , . n+i i ^, i n+1 , n+l 
A £ 0 and A C Q a r e k n o w n . T o c o m p u t e the s t r e s s e s 0 ^ and Op , 

f i r s t the t r i a l s t r e s s e s a r e c a l c u l a t e d f r o m 

n+l n E / ^ n+l . n+l 
A e , + i ' A e . 

and 

n+l n E / , n+l . n+l 

w h e r e E i s Y o u n g ' s m o d u l u s and v i s P o i s s o n ' s r a t i o . Then the t r i a l 
s t r e s s e s a r e s u b s t i t u t e d i n to the above y i e l d func t ion to p r o d u c e 

^n+i / n + i V / n + i W n+i \ / n+i 

If ^ < 0, t h e r e h a s b e e n no p l a s t i c f low a n d the s t r e s s e s a r e s i m p l y 

t h e i r t r i a l v a l u e s . If ^ i s g r e a t e r t h a n o r e q u a l to z e r o , p l a s t i c y i e l d i n g 

h a s o c c u r r e d and the s t r e s s e s a r e 

n+l _ n+l _ /_n _n 

°0 " °0T "^1°* ^"^ 

n+l n+l _ /_n _n 
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where 

and 

a" = 12 n n \ 

-n /-, n n \ 

and X is calculated from 

_ B B V C 
2Ai A 

where 

A = ( a 0 + w g ) + ( 0 9 + ^00) - (ae + W0 j ( a0+va -

B = 
m _n \ -n+l ^ /_n , _n \ _n+i 
0^+ vofll a^ + (og + w ^ j Og 

and 

m+i 

Prel iminary results indicate that a better energy balance was 
obtained by using these constitutive equations, part icularly when the con­
tainment vessel has undergone large deformations. 

2. Dynamic Response of Core Subassemblies. J. M. Kennedy (Last 
reported: ANL-7776, pp. 133-134, Jan 1971) 

a. Development of Mathematical Model 

A model that accounts for mater ia l plasticity in the static case 
has been developed by using a layered-raembrane concept; it is being modi­
fied to have capability in dynamic problems. 

b. Use of NASTRAN Code 

The MacNeal-Schwendler Corporation was consulted for infor­
mation concerning troubles encountered with the various options and formats 
of NASTRAN needed for the modeling work. A better understanding of how 
mater ial plasticity operates in the code was gained for static and dynamic 
transient analysis; the various ways it can be employed •were discussed. 
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c . E x p e r i m e n t a l V e r i f i c a t i o n of M a t h e m a t i c a l M o d e l . 
J . M. Kennedy , T . J . M a r c i n i a k , and G. N a g u m o 

P r e l i m i n a r y t e s t s h a v e b e e n i n i t i a t e d to p r o v i d e e x p e r i m e n t a l 
v e r i f i c a t i o n of the N A S T R A N h e x a g o n a l - s u b a s s e m b l y - c a n m o d e l for two 
c a s e s . T h e y a r e : (a) e x t e r n a l l o a d i n g a c r o s s two f l a t s and (b) i n t e r n a l 
p r e s s u r e l o a d i n g . An i n i t i a l , e x p l o r a t o r y t e s t h a s b e e n p e r f o r m e d i n w h i c h 
a 6 - i n . - l o n g E B R - I I h e x a g o n a l - c a n s e c t i o n w a s l o a d e d a c r o s s two o p p o s i t e 
f l a t s . One goa l w a s to d e t e r m i n e the y i e l d p o i n t of the h e x a g o n a l can and 
d e t e r m i n e d e f l e c t i o n a s a func t ion of l o a d . I n i t i a l l y , the h e x a g o n a l c a n w a s 
l o a d e d t o a b o u t 300 lb ( L o a d 1) and r e l e a s e d ; a s l i g h t p e r m a n e n t s e t w a s 
t a k e n by the s p e c i m e n . The l o a d i n g w a s r e p e a t e d to 400 lb (Load 2) and 
a g a i n r e l e a s e d ; the p e r m a n e n t s e t i n c r e a s e d , and t h e r e w a s i n d i c a t i o n t h a t 
the y i e l d s t r e n g t h w a s e x c e e d e d . Nex t , the l o a d w a s i n c r e a s e d to i t s m a x i ­
m u m , 484 lb ( L o a d 3), and c o n t i n u e d u n t i l t he d e f l e c t i o n r e a c h e d 0.3 in . , an 
a r b i t r a r y d e f l e c t i o n c h o s e n for c o n v e n i e n c e , and t h e n had d r o p p e d 4 l b . 
F i g u r e VIII .14 s h o w s the l o a d - d e f l e c t i o n c u r v e s for t h e s e t h r e e l oad ing 
s e q u e n c e s . 

Fig. VIII.14 

Load-deflection Curve for Hexagonal 
Cylinder Loaded across Flats. Deflec­
tion rate was 0.03 in./min. 

F i g u r e V1I1.15 s h o w s the d e f l e c t i o n p a t t e r n for th i s p a r t i c u l a r 
h e x a g o n a l - c a n s e c t i o n . The d e f o r m a t i o n w a s q u i t e s y m m e t r i c a l and fo l ­
l o w e d the g e n e r a l s h a p e p r e d i c t e d by N A S T R A N . Upon i n s p e c t i o n , it 
a p p e a r e d t h a t the b a s i c a s s u m p t i o n of r i g i d i t y a t the c o r n e r s is j u s t i f i e d . 
F o r the n e x t t e s t , s t r a i n g a u g e s w i l l b e p l a c e d at the p o s i t i o n s i n d i c a t e d 
in o r d e r to q u a n t i t a t i v e l y v e r i f y N A S T R A N c a l c u l a t i o n s . 

Fig. VIII.15 

Hexagonal-can Deflection AL due 
to Total Load P Applied as Shown 



142 

PUBLICATIONS 

DBLSCAT--A Computer Code for Double Scattering Correct ions 
A. K. Agrawal and S. G. Das 

Nucl. Sci. Eng. 44, 113-114 (Apr 1971) 

Bubble Growth and Collapse in Narrow Tubes with Nonuniform Initial 
Temperature Profiles 

W. D. Ford 
ANL-7746 (Dec 1970) 

Spatial Effects in Transfer-Function Measurements of Large Nuclear 
Reactor Power Systems 

L. J . Habegger and C. Hsu 
IEEE Trans . Nucl. Sci. NS-18(1) (Part I), 418-425 (Feb 1971) 

Experimental Study of a Gas Jet Penetrating a Liquid Coolant and Impinging 
on a Heated Surface 

B. M. Hoglund, R. P. Anderson, and L. Bova 
ANL-7734 (Mar 1971) 

Lyapunov Stability of Spatially-Dependent Nonlinear Reactor System 
Including an External P r imary Heat Exchanger 

C. Hsu and L. J. Habegger 
IEEE Trans . Nucl. Sci. NS-18(1) (Part I), 412-417 (Feb 1971) 

Pa rame te r Identification in a Nonlinear Reactor System 
W. S. Roman, C. Hsu, and L. J. Habegger 

IEEE Trans . Nucl. Sci. NS-18(1) (Part I), 426-429 (Feb 1971) 

Correlating the Dynamic Plast ic Deformation of a Circular Cylindrical 
Shell Loaded by an Axially Varying P r e s s u r e 

C. K. Youngdahl 
ANL-7738 (Oct 1970) 



143 

IX. ENVIRONMENTAL STUDIES 

A. Thermal -p lume Dispers ion Studies. B. Hoglund (02-166) 

1. Sinking-plume Exper iment . B. Hoglund, G. Romberg, D. Nelson, 
S. Spigarell i , W. Prepe jcha l , and A. Fr igo (Not previously reported) 

The purpose of the sinking-plume experiment was to make explora­
tory measu remen t s of the lake water t empera ture on the lake bottom to 
determine the degree to which this water might be heated as a resul t of a 
sinking thermal plume. The exper iment is relevant to the behavior of 
waste-heat inputs during winter conditions. The Lake Michigan Enforcement 
Conference Technical Committee on Thermal Discharges has expressed 
concern* that "Bottom layering of wa rm water might occur over relatively 
large a r e a s , having its chief effects on bottom fauna and the disruption of 
fish reproduction." The p rematu re hatching of fish eggs resulting from 
exposure to wa rmer than normal ambient water is an i tem of par t icular 
concern. 

The phenomenon of a sinking thermal plume occurs when the lake 
temperature is less than 39°F. The heated water discharged from the power 
plant entrains and mixes with the cold lake water . When the discharged and 
entrained water cools to 39°F, it achieves its maximum density, and gravi ­
tational forces cause it to sink through the colder, more buoyant lake water . 
This slightly denser m a s s of water should flow along the lake bottom until 
additional mixing further reduces the t empera tu re . 

The site chosen for the exper iment was the Wisconsin Elec t r ic 
Power Company's Point Beach Nuclear Generating Plant , at Point Beach, 
Wisconsin. This plant ut i l izes a p re s su r i zed -wa te r reactor to generate 
500 MWe. The nominal condenser discharge flow is 270,000 gpm with a 
nominal t empera ture r i s e of 20°F. The ins t ruments were placed in the 
lake on March 11 and 12. The lake tempera ture at that time was 0.5°C. 

The exper iment consis ts of placing 11 tempera ture r eco rde r s on 
the lake bottom in an a r ea expected to be influenced by the thermal plume. 
(These ins t ruments were obtained on loan from the Environmental P r o t e c ­
tion Agency, Great Lakes Region.) The ins t ruments were bolted to 800-lb 
steel anchors , so the t empera tu re sensor would be about 6 in. above the 
lake bottom. Nine of the ins t ruments were placed in a 3 x 3 grid, slightly 
south of the plant, an a r ea where the plume was observed to flow most 
often. Three ins t ruments were placed in 15-ft-deep water , approximately 
1000 ft offshore; three in 23-ft-deep water , approximately 2000 ft offshore; 
and three in 30-ft-deep water , approximately 3500 ft offshore. Two of the 

*Recommendations of the Lake Michigan Enforcement Conference Technical Committee on Thermal Dis­
charges to Lake Michigan (Jan 1971). 
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i n s t r u m e n t s w e r e p l a c e d 2 m i l e s n o r t h to p r o v i d e m e a s u r e m e n t s of a m b i e n t 
l ake c o n d i t i o n s . T h e y w e r e p l a c e d a t d e p t h s of 20 and 30 ft. 

The i n s t r u m e n t s w e r e dep loyed by l o w e r i n g t h e m f r o m a 90- f t 
v e s s e l , the T e l s o n Q u e e n . A d i v e r o b s e r v e d the p l a c e m e n t of the i n s t r u ­
m e n t s on the b o t t o m to s ee that they w e r e u p r i g h t and no t s e t t i n g on r o c k s . 
While on the b o t t o m , he d e s c r i b e d b o t t o m cond i t i ons and r e p o r t e d s e e i n g 
n u m e r o u s c r a y f i s h , s c u l p i n s , and r o c k s c o v e r e d wi th a d e n s e g r o w t h of 
p e r i p h y t o n . 

The t e m p e r a t u r e s e n s o r s a r e s e t to r e c o r d the w a t e r t e m p e r a t u r e 
e v e r y 10 m i n for a p p r o x i m a t e l y 2 m o n t h s . The p o s i t i o n of the s e n s o r s w a s 
d e t e r m i n e d by t r i a n g u l a t i o n f r o m s igh t ings f r o m two s u r v e y o r ' s t r a n s i t s 
l o c a t e d on s h o r e , about one -ha l f m i l e a p a r t . 

C u r r e n t p l ans a r e to r e c o v e r the i n s t r u m e n t s d u r i n g the f i r s t week 
in May . 

2. C o r r e l a t i o n of F a r - f i e l d P l u m e Da ta . J . A s b u r y and A. F r i g o (Not 
p r e v i o u s l y r e p o r t e d ) 

A phenomeno log i ca l a p p r o a c h was adopted in a t t e m p t i n g to find a 
r e l a t i o n s h i p that would be u s e d to p r e d i c t l a k e - p l u m e s u r f a c e a r e a s . The 
a p p r o a c h was b a s e d upon two c o n s i d e r a t i o n s ; (a) The b e h a v i o r of l ake 
p l u m e s beyond the zone of flow e s t a b l i s h m e n t i s g o v e r n e d by l ake p r o c e s s e s 
for which adequa te m o d e l s do not e x i s t , and (b) t h e r e does e x i s t a p u b l i s h e d 
se t of l a k e - p l u m e t e m p e r a t u r e m e a s u r e m e n t s which can be e x a m i n e d for 
r e l a t i o n s h i p s among the p lume v a r i a b l e s . 

Seven usefu l s e t s of p lume da t a w e r e iden t i f i ed d u r i n g a l i t e r a t u r e 
s u r v e y . Af te r e x a m i n i n g the d a t a , we conc luded tha t they cou ld be b e s t 
d i s p l a y e d on an E d i n g e r and P o l k * type plot of Q/Q ^ v e r s u s K/K-^, w h e r e 
S / S Q i s the f r a c t i o n a l e x c e s s t e m p e r a t u r e , A is the p l u m e a r e a wi th in 
the 9 i s o t h e r m , and A is a s ca l ing a r e a . The b e s t p a r a m e t e r i z a t i o n for 
Aj^ w a s found to be A^̂  = Q, w h e r e Q i s the v o l u m e t r i c d i s c h a r g e flow r a t e . 

F i g u r e IX. 1 s u m m a r i z e s the r e s u l t s of the i n v e s t i g a t i o n . The d a t a 
key for F i g . IX.1 is g iven in Tab le I X , 1 . All the b u o y a n t - p l u m e d a t a a r e 
r e a s o n a b l y we l l d e s c r i b e d by the c u r v e d r a w n t h r o u g h the d a t a p o i n t s . The 
c u r v e thus r e p r e s e n t s a p h e n o m e n o l o g i c a l fit r e l a t i n g f r a c t i o n a l e x c e s s 
t e m p e r a t u r e to the quo t ien t of p lume s u r f a c e a r e a and v o l u m e t r i c - d i s c h a r g e 
flow r a t e . 

J. E. Edinger and E. M. Polk, Initial Mixing of Thermal Discharges into a Uniform Current, Report No. 1, 
Dept.of Environmental and Water Resources Engineering, Vanderbilt University^ 
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Fig. tX.l . Fractional Excess Temperamre vs Surface Area/Flow Rate 

TABLE I X . 1 . Data Key for F ig . IX. 1 

Data Points 

A,B,C,D,E 

F 

G,H,I 

J.K 

L 

M,N,0,P,Q , 
R,S,T,U ' 

V,W 

Power Plant 

Waukegan, Illinois 

Big Rock, Michigan 

Millikan, N. Y. 

Michigan City, Mich. 

Waukegan, Illinois 

Allen S. King, Minn. 

Douglas Point, Ontario 

Source 

Romberg et al. 

Krezoski 

Sundaram 

Ayers et al. 

Ayers et. al. 

Fitch 

Csanady et al. 

All the plume data shown in Fig. IX.1 refer to channel outfall geom­
e t r i e s . The fit, therefore, may not be applicable to other outfall geometries 
in regions where e/S;, 2" 0.5. Allowing for this res t r ic t ion, we believe that 
the curve represen ts a useful rule of thumb for predicting surface areas of 
thermal plumes in lakes. 
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B. Lake Circulation Model Development. T. Hughes (02-185) 

1. Steady-state Calculations. T. Hughes (Not previously reported) 

This study is concerned with the hydrodynamic and thermodynamic 
processes in the Great Lakes. The fundamental problem is to gain sufficient 
understanding of the lakes in order to develop pract ical techniques for 
predicting the la rge-sca le cur ren t s , wind-setup effects, and pollutant 
dispersion pat terns. 

As a first step in the development of theoretical models of Lake 
Michigan, a s teady-state , uniform-density, numerical model with a real is t ic 
basin is being developed. A two-dimensional formulation of the problem 
is being used in which the horizontal mass t ransport and surface deflections 
are the major dependent variables . The res t r ic t ion to steady state and 
uniform density is a serious limitation, but the resul ts can be compared 
with lake data obtained during the winter and early spring when the lake is 
essentially uniform and there are periods of steady winds. Motions in the 
system, driven by wind s t r e s se s , will be calculated using both idealized 
wind fields and also some examples from weather char t s . 

The major programs have been written, and the first circulation 
pattern has been calculated. A major problem has been to understand why 
the SOR (successive over-relaxation) iteration would not converge. This 
difficulty is basically due to the i r regular region (Lake Michigan) in which 
the calculations were performed. There were three significant factors 
involved in eliminating this difficulty, (a) Standard methods for estimating 
the optimum SOR parameter gave a value such that the calculation did not 
converge. After many t r ia ls to determine whether there was a bug in the 
code, we found that the cor rec t SOR parameter was much lower than the 
es t imates . This can be explained by the i r regular pattern in the linear 
equations needed to accommodate the Lake Michigan shoreline, (b) Diffi­
culty occurs due to the differencing method used for certain first derivative 
t e rms . A change was made to "upwind" differencing rather than the usual 
centered differencing, (c) The accuracy of the values used for the bottom 
slope of the lake played an important role in the convergence of our calcu­
lations. We are currently exploring numerical smoothing of the bottom 
topography data. 

To perform numerical calculations or hydraulic laboratory studies 
using a real is t ic basin for Lake Michigan, the shoreline and depths below 
mean water level must be conveniently available. What was needed was 
the intersections of the shoreline with a regular grid and the average depth 
at each grid intersection. The data were obtained from 13 major navigation 
charts covering Lake Michigan plus some field sheets obtained from the 
Corps of Engineers . A 2-min grid size was chosen (approx 5000 points) 
as appropriate to the density of sounding data on the char ts and also to be 
consistent with the finest likely calculation grid. 
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The programs to produce the computer displays are about complete. 
A display can be made of any one of the forty-five 30- by 30-ft data blocks 
or any portion of the lake with l inearly interpolated bottom contours. The 
basic coordinate sys tem is minutes longitude and latitude. To properly 
account for the convergence of the mer id ians , a sinusoidal or Mercator 
equal -area map projection was incorporated into the rout ines. 

The average depths at the 2-ft grid intersect ions are ra ther choppy, 
and questions concerning adequacy of representat ion and stability and 
convergence of numer ica l calculations have a r i sen . Numerical experiments 
to resolve this problem are being conducted utilizing the techniques in use 
to initialize data for numer ica l weather forecasting. This work will be 
reported upon at the 14th Great Lakes Research Conference in Toronto on 
April 21, 1971. 

PUBLICATION 

A Photographic Method for Determining Velocity Distributions within 
Thermal P lumes 

J. G. Asbury, R. E. Grench, D. M. Nelson, W. Prepejchal , 
G. P . Romberg, and P . Siebold 

A N L / E S - 4 (Feb 1971) 






